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Single-walled metal oxide nanotubes have emerged as an important class of 
‘building block’ materials for molecular recognition-based applications in catalysis, 
separations, sensing, and molecular encapsulation due to their vast range of potentially 
accessible compositions and structures, and their unique properties such as well-defined 
wall structure and porosity, tunable dimensions, and chemically modifiable interior and 
exterior surfaces. However, their widespread application will depend on the development 
of synthesis processes that can yield structurally and compositionally well-controlled 
nanotubes. Moreover, such processes should be amenable to scale-up and preferably 
operate via benign chemistries under mild conditions. There is currently very little 
knowledge on the molecular-level ‘design rules’ underlying the engineering of such 
materials.  
 
 The capability to engineer single-walled tubular materials would lead to a range 
of structures, with novel properties relevant to diverse applications. In this thesis, main 
objectives are to discover the first molecular-level mechanistic framework governing the 
formation and growth of single-walled metal-oxide nanotubes, apply this framework to 
demonstrate the engineering of nanotubular materials of controlled dimensions, and to 
progress towards a quantitative multiscale understanding of nanotube formation. The 
class of aluminosilicate (AlSiOH)/germanate (AlGeOH) nanotubes are of particular 
interest to us, and serve as the exemplar materials for single-walled metal oxide 
nanotubes. They can be synthesized in pure form from inexpensive and easily accessible 
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reactants at low temperatures (95 ˚C) from aqueous solutions. The synthesis of nanotubes 
occurs on a time-scale of hours to days, making them an ideal model system to study the 
nanotube formation mechanism.  
 
 
Chapter 2   Experimental and computational investigations are combined to construct 
the first molecular-level mechanism of the formation of single-walled aluminosilicate 
nanotube objects. It is shown that specific “proto-nanotube-like” intermediates with 
inherent curvature form in aqueous synthesis solutions immediately after initial 
hydrolysis of reactants. Upon heating, they condense and rearrange to form ordered 
single-walled aluminosilicate nanotubes. The presented study clearly indicates a path 
towards engineering new classes of nanoscale materials in the liquid phase via 
identification and control of the molecular precursor species present in synthesis 
solutions [1]. 
 
In Chapter 2, the identification and elucidation of the mechanistic role of 
molecular precursors and nanoscale (1 3 nm) intermediates with intrinsic curvature, in 
the formation of single-walled aluminosilicate nanotubes is reported. The structural and 
compositional evolution of molecular and nanoscale species over a length scale of 
0.1 100 nm, are characterized by electrospray ionization (ESI) mass spectrometry, and 
nuclear magnetic resonance (NMR) spectroscopy. DFT calculations revealed the intrinsic 
curvature of nanoscale intermediates with bonding environments similar to the structure 
of the final nanotube product. It is shown that curved nano-intermediates form in aqueous 
synthesis solutions immediately after initial hydrolysis of reactants at 25 ˚C, disappear 
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from the solution upon heating to 95 ˚C due to condensation, and finally rearrange to 
form ordered single-walled aluminosilicate nanotubes. Integration of all results leads to 
the construction of the first molecular-level mechanism of single-walled metal oxide 
nanotube formation, incorporating the role of monomeric and polymeric aluminosilicate 
species as well as larger nanoparticles. 
 
 
Chapter 3   It is shown that different kinds of anionic species can be used to exert 
control over the shapes of nanotube-forming precursors, and that these shapes assemble 
into nanotubes with precisely-controlled diameter that correlate strongly with the 
curvature of the ‘shaped’ precursors [2].   
 
 Then, in Chapter 3, new molecular-level concepts for constructing nanoscopic 
metal oxide objects are demonstrated. The diameters of metal oxide nanotubes are shaped 
with Ångstrom-level precision by controlling the shape of nanometer-scale precursors. 
The subtle relationships between precursor shape and structure and final nanotube 
curvature are measured (at the molecular level). Anionic ligands (both organic and 
inorganic) are used to exert fine control over precursor shapes, allowing assembly into 
nanotubes whose diameters relate directly to the curvatures of shaped precursors.  
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 Having obtained considerable insight into aluminosilicate nanotube formation,  in 
Chapter 4 the complex aqueous chemistry of nanotube-forming aluminogermanate 
solutions are examined. The aluminogermanate system is particularly interesting since it 
forms ultra-short nanotubes of lengths as small as ~20 nm. Insights into the underlying 
important mechanistic differences between aluminogermanate and aluminosilicate 
nanotube growth as well as structural differences in the final nanotube dimensions are 
provided. Furthermore, an experimental example of control over nanotube length is 
shown, using the understanding of the mechanistic differences, along with further 
suggestions for possible ways of controlling nanotube lengths.  
 
 
Chapter 4   Mechanistic differences between aluminogermanate and aluminosilicate 
nanotube formation and growth are discussed. An experimental example that uses 
different reactants is given as a possible way to achieve control over nanotube lengths. 
 
 
 Ultimately, it is desired to produce the single-walled aluminosilicate nanotubes on 
a larger scale (e.g., kilogram or ton scales) for technological application. However, a 




critical to be able to predict and control key properties such as the length distribution and 
concentration of the nanotubes. Such a model can then be used to design liquid-phase 
reactors for scale-up of nanotube synthesis. In Chapter 5, a generalized kinetic model is 
formulated to describe the reactions leading to formation and growth of single-walled 
metal oxide nanotubes. This model is capable of explaining and predicting the evolution 
of nanotube populations as a function of kinetic parameters. It also allows considerable 
insight into meso/microscale nanotube growth processes. For example, it shows that two 
different mechanisms operate during nanotube growth: (1) growth by precursor addition, 
and (2) by oriented attachment of nanotubes to each other.   
 
 
Chapter 5   A generalized kinetic model is formulated to describe the reaction stages 
leading to formation and growth of single-walled metal oxide nanotubes that is capable of 
explaining and predicting experimental nanotube length populations obtained by TEM at 
defined synthesis times. The model shows that two different mechanisms are effective in 
the process of nanotube growth: (1) precursor addition and (2) oriented attachment.  
 
 In Chapter 6, a study of the structure of the nanotube walls is presented. It has 
usually been assumed in the literature that the nanotube wall is free of defects. A detailed 
Nanotube Growth Mechanisms
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investigation of the defect structures in aluminosilicate single-walled nanotubes via 














Si CP/MAS NMR experiments were 
employed to evaluate the proton environments around Al and Si atoms during nanotube 
synthesis and in the final structure. The HETCOR experiments allowed to track the 
evolving Si and Al environments during the formation of the nanotubes from precursor 
species, and relate them to the Si and Al coordination environments found in the final 
nanotube structure. The 
1
H CRAMPS spectra of dehydrated aluminosilicate nanotubes 
revealed the proton environments in great detail. Integration of all the NMR results 
allows the structural assignment of all the chemical shifts and the identification of various 
types of defect structures in the aluminosilicate nanotube wall. In particular, five main 
types of defect structures are identified arising from specific atomic vacancies in the 
nanotube structure. It is estimated that  16% of Si atoms in the nanotube inner wall are 
involved in a defect structure. The characterization of the detailed structure of the 
nanotube wall is expected to have significant implications for its chemical properties and 
applications. 
 
Chapter 6   Integration of all NMR findings resulted in the first comprehensive 
molecular model of defect structures and associated proton environments in 
aluminosilicate single-walled nanotubes. 
 
 xxiv 
Chapter 7 contains concluding remarks, as well as suggestions for future 








 Nanomaterials, notable for their extremely small feature size in the range of 1-100 
nanometers (nm), have been the subject of enormous interest and have a major influence 
on the rapidly advancing nanotechnology industry. The number and the variety of 
nanomaterials are immense, and they have the potential for wide-ranging industrial, 
biomedical, and electronic applications. The discovery of carbon nanotubes by S. Iijima 
in 1991 [3] attracted enormous interest and excitement in the field of nanomaterials over 
the last two decades [4]. Carbon nanotubes are described as rolled hollow structures of 
graphene sheets [3]. They exhibit unusual mechanical strength, electronic properties and 
heat conductivity providing potential technological applications as field emitters [5], 
reinforcing [6] and conductive fillers [7], electrodes [8], passive or active electronic 
components [9].  On the other hand, methods for preparing carbon nanotubes are not only 
expensive, but may also fail to yield large-scale, high-quality carbon nanotubes with 
controlled structural features [10]. “Curved” nanostructures are not exclusive to carbon; 
R. Tenne [11] reported the first synthesis of inorganic WS2 nanotubes in 1992, just one 
year after the discovery of carbon nanotubes. However, their importance was not fully 




1.2 Inorganic Nanotubes 
 
 Inorganic nanotube materials, such as MoS2, WS2, BN, V2O5, TiO2, and NbS2,  
offer a wide range of physicochemical properties that are quite different from those of 
carbon nanotubes. They are attractive candidates to be used in a variety of applications 
including biosensors, drug delivery, nanoreactors [13], reinforcing fibers, sensors, in 
photoconversion of solar energy and in nanoelectronics [12].  
 
   
 
Figure 1-1. (a) Multi-walled WS2 nanotubes which are around 15 25 nm in diameter. 
Taken from [14]. (b) HRTEM image of MoS2 nanotubes with outer diameters of 30 nm. 
Taken from [15]. 
 
 MoS2 and WS2 nanotubes (band gap of ~1.2 eV) have electronic properties 
similar to silicon but they are much more resistant to oxidation and humidity, making 
them attractive materials for nanoelectronics [12]. MoS2 and WS2 nanotubes show 
superior tribological properties to all known lubricants under high loads [16]. They are 
composed of layers that are analogous to graphene sheets that is capable of curving into a 
tubular shape as shown in Figure 1-1. BN nanotubes are shown to exhibit a Young's 
modulus as high as carbon nanotubes (1.2 TPa) [12]. They are structural analogues [17] 
(a) (b)
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to carbon nanotubes having inner diameters of 1 3 nm, external diameters of 6 8 nm 
and lengths up to 200 nm [18]. BN and MoS2 nanotubes are shown to exhibit hydrogen 
storage capabilities [19, 20]. NbS2 nanotubes are predicted to be superconductors [21]. 
Most inorganic nanotubes are grown in the form of multi-walled nanotubes by various 
methods that requires high-temperatures such as directly from vapor phase, template 
processes, sulfurization [22]. 
 
 There also exist metal oxide nanotubes that can be synthesized by "soft 
chemistry" methods including soft-gel processes and hydrothermal synthesis such as 
multi-walled titania (TiO2) [23, 24] and vanadium oxide (V2O5) [25, 26] nanotubes. TiO2 
nanotubes have an external diameter of 10 nm and lengths up to ~400 nm [24, 27]. TiO2 
nanotubes have hydrogen storage capabilities [28] and are possible anode materials for 
lithium-ion batteries [27]. Vanadium oxide (V2O5) nanotubes attracted the interest of 
many researchers due to their potential applications in catalysis, photocatalytical 
activities, and as sensors [25, 26]. Although much speculation still exists on the formation 
mechanism of inorganic nanotubes, it was suggested that unsaturated bonds at the edges 
of the layers drive the formation of hollow tubular structures in order to condense these 
unsaturated bonds [29].  
 
1.3 Single-Walled Metal Oxide Nanotubes 
 
Despite the considerable progress in nanoscale materials processing, it is 
increasingly acknowledged that a vast potential for constructing nanoscopic materials of 
unprecedented complexity and functionality remains almost entirely unexplored, due to 
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current limitations in our understanding of nanoscopic molecular assembly processes. 
Specifically, the difficulty in engineering nanoscopic objects of complex structure, 
morphology, and composition increases dramatically as one or more dimensions of the 
nanoscale object drop to 10 nm or 1 nm length scales, and also when the desired 
structural complexity deviates from that of simple crystals (e.g., cubic, hexagonal). There 
are currently no generalizable approaches that provide the basis for generating complex 
nanoscopic objects such as hollow cylinders (nanotubes) and hollow nanospheres, with 
nanometer/subnanometer control over their dimensions as well as composition and 
atomic structure. Although micro/nanoparticles of relatively simple materials (e.g., 
carbon, or oxides such as ZnO and TiO2) can be now produced through techniques that 
build upon existing catalytic or nucleation-and-growth (including templating) methods, 
the currently available approaches fail when materials of greater structural complexity are 
desired. There are many attractive technological and scientific reasons to pursue the 
creation of such “next-generation” nanoscopic objects. A large number of different 
theoretical and computational predictions show that they would be attractive for 
achieving many properties that define the full potential of nanotechnology –ballistic 
transport of charge/mass/heat, drastically tunable electronic structure, confinement 
phenomena, and extremely high surface areas. 
 
 1.3.1 Structure and Synthesis 
 
 In order to develop generalizable engineering approaches for single-walled 
nanotube materials, unique model systems are of particular interest that offer mechanistic 
insights into the assembly of nanoscale objects and which could lead to a more 
 5 
generalized synthetic strategy. This model system is based on synthetic versions of 
naturally occurring aluminosilicate minerals such as imogolite. The synthetic 
aluminosilicate nanotube (whose natural analogue is referred to as imogolite) has the 
empirical formula of [(OH)3Al2O3SiOH]. It has an outer wall that is made up of curved 
gibbsite [Al(OH)3] sheet with attachment of orthosilicate groups [O3SiOH] on inner face 
of the wall [30, 31]. The structural “repeat unit” of the nanotube is composed of six 
aluminum oxide octahedra arranged in a hexagonal ring and coordinated to a silicate 
tetrahedron via three oxygen bridges (µ3-O) (Figure 1-2). There are 24 aluminum atoms 
in the circumference and aluminum octahedra are linked by µ2-OH groups at shared 
edges. It is believed that the attachment of the orthosilicate group causes the shortening 
of O-O distances from 0.32 nm in gibbsite to  0.27 nm, appropriate for the edge of a 
SiO4 tetrahedron. Therefore, the curvature of the nanotube may be determined by the 
mismatch between the bond lengths on the inner and outer walls. The external diameter 
of the tube is  2.2 nm and internal diameter is around 1.0 nm [30, 32]. Average nanotube 
length is  100 nm [33]. 
 
 The silicate units can be completely or partially replaced with germanate 
tetrahedra leading to the formation of aluminogermanate (AlGeOH) or 
aluminosilicogermanate (AlSiGeOH) nanotubes [33-36]. With increasing Ge-substitution, 
the diameter of the tube increases to 3.3 nm and the length decreases such that nanotubes 
as short as 20 nm can be synthesized [34]. 
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Figure 1-2. Ball-and-stick and polyhedron models of (left) the aluminosilicate nanotube, 
and (right) a section of the wall showing the hexagonal aluminosilicate repeat units. 
 
  Synthesis of aluminosilicate nanotubes was first reported in 1977 by Farmer et al. 
[37] at low temperatures (95 ˚C) from mildly acidic (pH 4) solutions of hydroxyl-
aluminum and orthosilicic acid [Si(OH)4] species. The reactants are inexpensive [AlCl3, 
or Al(C4H9O)3, or Al(ClO4)3 as aluminum source and Si(OC2H5)4 as silicon source] and 
easily accessible. Recognized synthesis involves a simple hydrolysis step of millimolar 
(mM) range starting materials (atomic ratio of Si/Al 0.5) with subsequent basification to 
pH 5 and acidification (pH 4) steps followed by heating of the reaction solution to 95 
˚C for 5 days. Purification is achieved with dialysis of the collected nanotube-gel and 
retentate is then dried in air [37]. This process yields 0.1 g of imogolite within a volume 
of 1 L reaction solution [38]. On the other hand, many other synthesis conditions were 
studied and classified [32] based on their outcome with optimum yields of 
aluminosilicate nanotubes achieved (~2g/10L) when tetraethyl orthosilicate/aluminum 
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tri-sec-butoxide/perchloric acid were mixed at a molar concentration ratio of 1:2:1 [32, 
39, 40].  
 
 1.3.2 Properties and Emerging Applications 
 
 The intriguing properties of single-walled metal oxide nanotubes give them 
significant potential for use in diverse applications. Recently, significant progress has 
been made in functionalizing the interior of the nanotube with organic groups, by both 
post-synthesis modification as well as through direct synthesis [41, 42]. These 
developments create a basis for the use of these nanotubes in molecular transport, 
separation, encapsulation, and catalytic applications. For example, a defect-free 
molecular separation membrane containing single-walled aluminosilicate nanotubes 
embedded in a polymeric matrix, has recently been demonstrated [43]. Single-walled 
metal oxide nanotubes are well-known insulators. They may possess a wide band gap 
(~4-10 eV), independent of their size and chirality [44]. Aluminosilicate nanotubes are 
proposed to be used as an insulating sheath material in carbon nanotube core based 
nanocables, based on results of molecular dynamic simulations showing geometrical and 
electronic compatibility in between two materials [45]. Electric current flow through 
aluminosilicate nanotubes was observed experimentally only when they are exposed to 
water due to existence of protons as current carriers (H
+
) on the outer surface [46]. It is 
also possible to introduce electrical conductivity by coating the nanotube surface with 
conducting polymers such as polypyrrole [47]. Reported field emission current density 
values are 103.8 and 129.1 µAcm
-2 
for single-walled aluminosilicate and carbon 
nanotubes at a field of 4 V/µm, respectively. Therefore, field emission current densities 
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of aluminosilicate nanotubes are comparable to single-walled carbon nanotubes 
(SWCNT) making them excellent electron emitters [48]. The mechanical properties of 
single-walled metal oxide nanotubes have only been investigated by few theoretical 
studies. Calculated Young’s modulus (E) of aluminosilicate nanotubes are in the range of 
175 – 390 GPa [44, 49]. This value is in the same range as for MoS2 and GaS nanotubes 
whereas smaller than their carbon analogues [44, 45]. Due to their mechanical properties, 
these nanotubes have been largely considered to be used as nanofillers in polymer matrix 
nanocomposites [44, 50]. For example, transparent aluminosilicate nanotube and poly 
(vinyl alcohol) PVA films have been prepared by in situ synthesis and shows superior 
mechanical properties compared to PVA [51]. Functionalizable hydroxyl groups on the 
outer surface of imogolite allow the possibility of their incorporation in 
nanotube/polymercomposites together with enhanced interface characteristics [52, 53].   
 
 Due to their well-defined structure and porosity, hydrophilic surface, and 
functionalizability of outer and inner hydroxyl-groups (e.g., Si-OH, Al-OH), single-
walled metal oxide nanotubes have a number of important applications, one of which 
involves fast mass transport through their engineered channels. Recent molecular 
dynamics (MD) simulation studies showed high water diffusivity (10
2 103 mol m2s-1) in 
single-walled metal oxide nanotubes with 15 to 100 nm tube length even at low pressure 
differentials of the order of 25 mm Hg [54]. Moreover, the inherent hydrophilicity of the 
nanotubes due to present hydroxyl groups and the chemically modifiable interior surface 
by different functional groups that have the ability to specifically adsorb and/or 
immobilize different target molecules, makes them attractive for the fabrication of nano-
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devices or nano-machines, that achieves sensing [48], encapsulation,  separation and 
storage [55] at molecular level.  It has been reported, based on simulations, that the 
adsorption selectivity of water over methanol in aluminosilicate nanotubes is larger than 
100, and that these materials may be attractive candidates for applications involving the 
dehydration of organic/water mixtures [56].  Besides, due to their well-defined structures, 
ultra-short (~20 nm) aluminogermanate nanotubes might be used as artificial ion-
channels in biomolecular sensing devices based on variation in the ion conductance of the 
channel, with a single-molecule resolution [33, 44]. The use of imogolite in shape-
selective catalysis has also been investigated [40, 57-59]. Tubular configuration of the 
nanotube was determined to retain up to 750 ˚C and the calcination of imogolite at 400-
500 ˚C results in the formation of a large amount of acid sites required for the catalytic 
activity [58].  In addition, a more recent study [40] showed a phase transition to a 
lamellar phase at 500 ˚C which has stronger catalytic properties. Furthermore, silanol 
protons on the interior surface of the nanotube could be exchanged with different metal 
cations resulting in metal-loaded imogolite that could be used as a catalyst. Such a 
copper-based catalyst has been experimentally demonstrated [57] to have higher catalytic 
activity than unloaded imogolite for molecules that are smaller than the nanotube 
diameter and thus can diffuse inside the tubular structure, such as tert-butyl 






1.4 Research Objectives and Strategy 
 
 1.4.1 Elucidating the Role of Molecular and Nanoparticle Species 
 
 Experimental studies have been carried out by Nair et al. to understand the  
aluminogermanate nanotube growth mechanism [33, 34]. XRD and TEM results showed 
that nanotubes are formed in aqueous solutions as early as 10 hours and the amount of 
nanotubes increases as a function of reaction time. Moreover, DLS and UV-Vis analysis 
revealed the existence of amorphous nanoparticles with a size of ~6 nm that appeared 
immediately upon heating. DLS data also pointed out that length of nanotubes practically 
stays constant throughout the synthesis time indicating a self-assembly rather than an 
inorganic polymerization in which length increases by the addition of precursors. 
Therefore, the conclusion was drawn that short, ordered single-walled metal-oxide 
nanotubes form by a condensation and molecular self-assembly process as illustrated in 
the Figure 1-3. Figure 1-3 shows, amorphous nanoparticles (~6 nm) formed by a 
reversible reaction possibly from monomeric or oligomeric precursors. Once 
nanoparticles formed, they might be evolving irreversibly into ordered nanotubes through 
self-assembly. Recently published work, based on molecular dynamics simulations, by 
our group members also shows there is a unique strain energy minimum that controls the 
diameter of nanotubes [35]. On the other hand, it was suggested that processes such as 
aggregation could also have a role in determining the final tube dimensions. In this thesis 
one of the aims is to identify the molecular composition and dimensions of molecular 
precursors and clusters, and to elucidate their role in nanotube formation and growth as 




Figure 1-3. Summary of the aluminogermanate nanotube formation mechanism 
hypothesized by Mukherjee et al. in 2007 [60]. 
 
 Farmer et al. [37, 61] speculated that formation of imogolite occurs from sheet-
like precursors called "proto-imogolite" which has the same local atomic arrangement as 
imogolite and is formed by the interaction of hydroxy-aluminum cations with orthosilicic 
acid in reaction solutions. Although its existence was never proved experimentally  (until 
the work described in this thesis) but rather assumed based on the composition of the 
final product, proto-imogolite has been considered as a precursor which forms earlier in 
the reaction and then polymerizes to form nanotubes (“proto-imogolite theory”) [62]. 
However, such inorganic polymerization of proto-imogolite to imogolite can only be 
explained by a kinetically controlled growth, whereas studies suggest thermodynamic 
self-assembly of precursors into tubes [60]. One of the objectives of this thesis is to 
investigate the existence of “proto-imogolite” structures and their role in nanotube 
formation using multiple characterization techniques. Since so far the existence of proto-
imogolite structures had been only speculated, their experimental discovery and 
explanation in this thesis is a significant contribution to knowledge in nanotube 
chemistry.  
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 Several liquid phase conditions may affect the formation of metal oxide structures 







etc.) together with inherent thermodynamic criteria. Although early experimental data 






) and the largest 
yields of synthetic imogolite are obtained by heating hydrolyzed aluminium sec-butoxide 
and silicon tetraethoxide in perchloric acid solutions, no further progress was made 
regarding possible interactions of anions with nanotube precursors. In their 
27
Al NMR 




 interact with 
colloidal dispersions in aluminum solutions. They carried out experiments using solutions 
of AlCl3 and Al(ClO4)3, and observed that hydrolysis takes place equally easily, however, 
differences manifest only in the tendencies of the solutions to form precipitates, for 
example solutions containing     formed a precipitate in 4 months, while for solutions 
containing     
 , almost no precipitate had formed after one year. Wada et al. [36] 
speculated that the shortening of the nanotube length, observed via Ge-substitution of Si 
by using GeCl4 as a source of Ge, might be a result of an increase in Cl
-
 concentration in 
reaction solutions. Moreover, another study suggested that citric acid reacts with 
hydroxy-aluminosilicates and/or hydroxy-Al ions, and the interaction with such organic 
ligands might be important in terms of understanding the formation of natural imogolite 
in soils. It was shown that without the addition of citric acid, imogolite solutions generate 
a colloidal precipitate [64].  
 
Based on the above discussion, it can be concluded that effect of anions such as 
chloride, perchlorate etc. is not clear, but is believed to have importance in determining 
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the size and structure of precursor species. In order to reveal the underlying formation 
mechanism of single-walled metal oxide nanotubes, the role of reactive anions should be 
understood as they might be involved in determining the final nanotube length and 
diameter. It is surprising that only a few researchers paid any attention to the anion effect 
on formation of single-walled metal oxide nanotubes. Therefore, in this thesis, the aim is 
to uncover the role of anions and their interaction with precursor species in nanotube 
synthesis solutions by partially and completely replacing HClO4 in reaction solutions 
with other mineral acids as well as organic acids.  
 
 As proposed by Cradwick et al. [30], the imogolite wall unit consists of a curved 
single sheet of gibbsite wherein three out of six OH groups of the internal vacant sites are 
replaced with O3SiOH groups [Q
3
(3Al)]. It is believed that the attachment of orthosilicate 
group causes shortening of O-O distances around internal vacant site from 0.32 nm in 
gibbsite to less than  0.3 nm, appropriate for an edge of a SiO4 tetrahedron. Therefore, the 
curvature of the imogolite wall might be determined by the misfit between the Al 
dioctahedral vacant site and silicon tetrahedron [30]. This theory might also explain 
larger diameter of AlGeOH nanotubes because O-O distance in Ge tetrahedron is larger 
than that of Si tetrahedron resulting in smaller curvature [36]. On the other hand, it does 
not provide insights into the causes of the nanotube length shortening induced by Ge-
substitution of Si in imogolite structure. One of the objectives is to understand the 
underlying mechanism of growth of the AlGeOH and AlSiOH nanotubes from nanoscale 
precursors and intermediates. The acquired knowledge then can explain the role of the 
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nanoscale intermediates and their relationship to the nanotube dimensions. Such 
understanding is required in an attempt to achieve control over nanotube dimensions.  
 
 1.4.2 Shaping Nanotube Structure and Dimensions 
 
 In order to enable the applications of single-walled metal oxide nanotube 
materials, it is required to not only design inexpensive, low-temperature, high-purity 
synthesis processes; but also achieve control over the structure, dimensions, and 
composition of these nanoscale objects. The engineering of single-walled metal oxide 
nanotubes is of particular interest. Metal oxides offer a vast range of compositions, 
structures, and resultant properties. The capability to engineer metal oxides into single-
walled tubular materials would lead to a large number of diverse applications in areas 
such as catalysis, separations, optoelectronics, and biotechnology. These applications 
would exploit the novel electronic, transport, mechanical, and surface properties of such 
materials.  
 
 There are only a few examples of single-walled metal oxide nanotubes currently 
known [33, 65]. There is currently no framework of design principles (based on 
mechanistic investigations) available for the engineering of such objects. The class of 
aluminosilicate/germanate nanotubes (referred to here as “AlSiOH, AlGeOH”) are of 
particular interest to us, and serve as the exemplar materials for single-walled metal oxide 
nanotubes. These nanotubes can be synthesized in pure form and with monodisperse 
dimensions at low temperatures (95 ˚C) from aqueous solutions. The synthesis occurs on 
a time-scale of hours to days, making them an ideal model system to study the nanotube 
 15 
formation mechanism. The growth process is slow (on a time scale of hours) enough to 
allow step by step characterization that would provide information on the evolution of 
species in aqueous solution. Once the underlying mechanistic picture of their formation 
and growth is determined, one can develop a more general framework that is designed to 
engineer an entirely new class of single-walled metal oxide nanotube by using a number 
of experimental “handles” (e.g., reaction composition, concentration, pH, temperature, 
energy source, and time). Therefore, a clear mechanistic framework at molecular (and 
larger) scale is necessary in order to engineer their dimensions and design high-yield 
synthesis processes. 
  
 The synthesis procedures employed frequently by researchers yield small 
quantities of nanotubes in relation to the desired industrial-scale synthesis of single-
walled metal-oxide nanotubes. Design of high-yield processes is difficult without the 
knowledge of molecular-level reaction pathways leading from the reactants to final 
nanotube products. Thus, the synthesis, engineering, and applications of single-walled 
metal oxide nanotubes can be greatly advanced by a good understanding of the effects of 
processing parameters which controls the nanotube structure and properties. A molecular 
model of the growth mechanism will provide understanding of the nanoscale assembly 
and structural evolution that is taking place in aqueous phase, and provide a basis for 








 1.4.3 Understanding Nanotube Growth  
 
 
 Mukherjee [34] suggested that the aluminogermanate nanotube length is pre-
determined to a large extent by the precursor particle size and thus, self-assembly of the 
precursors could explain the final tube length. Meanwhile, length distributions of 
aluminosilicate nanotubes as a function of reaction time were studied [66], and it was 
suggested that final tube length is determined by a kinetically controlled growth 
mechanism in which the tube length increases with reaction time by the addition of 
precursors to the growing ends of the tubes. Another recent study based on SAXS data, 
has proposed that growth occurs by edge-to-edge aggregation of shorter nanotubes [38]. 
On the other, such kinetically controlled mechanisms alone cannot explain the low-
polydispersity index values [66] of lengths of single-walled metal-oxide nanotubes. 
Therefore, the true growth mechanism of the nanotubes remained a mystery. In this 
thesis, one of the objectives is to understand the mechanism governing nanotube growth.  
 
 Proposed mechanisms for other type of inorganic nanotube growths in literature 
should also be mentioned. The growth of boehmite (AlOOH) nanotubes with an internal 
diameter of 2 5 nm and a length of ~170 nm has been achieved from fresh precipitates 
of aluminum hydroxide using soft chemistry route (aqueous phase at 120˚C) [67]. 
Uniform length and diameter of these nanotubes has been attributed to the slow (1 6 
days) "Ostwald Ripening" process that controls the overall growth of beohmite 
nanostructures. In Ostwald Ripening process, there is a critical radius, rc, of small 
particles which is determined by experimental conditions and if r>rc, the particle grows, if 
r<rc particle shrinks and therefore, larger crystallites grow at the expense of smaller 
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crystals, driving force being the reduction in surface energy. On the other hand, some 
researchers suggested "Oriented Attachment Growth Mechanism" [68]. In this 
mechanism, bigger particles are grown from small primary particles through an oriented 
attachment mechanism, in which adjacent particles self-assembled by sharing a common 
crystallographic orientation. Moreover, recent studies on MoO3 nanotubes suggest a 
possible "Cluster-based Self-Assembly" growth mechanism which is based on self 
assembly of polyatomic ions such as Keggin structure. Any of the mentioned 
mechanisms might also be affecting single-walled metal oxide nanotube growth at some 
point during the synthesis, and will be taken into consideration while explaining the 
growth of single-walled nanotube materials.  
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CHAPTER 2 
FORMATION OF SINGLE-WALLED ALUMINOSILICATE 






 Apart from emerging applications, the fundamental importance of single-walled 
metal oxide nanotubes lies in their use as a model system for developing a mechanistic 
model of self-assembly phenomena that lead to the formation of a “curved” 
nanostructure. The capability to engineer metal oxides into single-walled tubular 
materials with desired characteristics could be achieved through a detailed molecular-
level understanding of their formation and growth mechanisms in the liquid phase. Such a 
model has not previously been available. Experimental studies so far have not been able 
to reveal the molecular structure of the precursors and intermediate species, which is a 
key step in understanding their evolution into nanotubes. However, due to the combined 
efforts of multiple authors, mechanistic information is available at larger length scales 
regarding both the initial formation of nanotubes as well as their subsequent growth. The 
formation of the aluminosilicate nanotubes has been proposed to occur from a sheet-like 
intermediate called “proto-imogolite” which is suggested to have an atomic arrangement 
similar to the final nanotube product [37, 62]. However, its existence has not been proven 
experimentally. The existence of nanoparticle precursors with a size of  6 nm has also 
been shown in previous [33, 60] studies of the closely related aluminogermanate 
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nanotube system. Based on inferences from DLS data and synthetic variations, it was 
proposed that these nanoparticles, which form by condensation of molecular precursors, 
self-assemble irreversibly into ordered nanotubular particles of  20 nm length. Another 
study by small-angle X-ray scattering (SAXS) has further assigned a specific structure for 
this precursor nanoparticle, in particular an aluminogermanate sheet-like structure [38]. 
However, the uniqueness of this assignment is not known, especially considering 
previous debates on the unique interpretation of SAXS data from zeolite synthesis 
solutions [69, 70]. Recent work on the synthesis of single-walled MoO3 nanotubes [65] 
also suggests a cluster-based self-assembly of nanoscale precursors into nanotubes. Other 
studies have focused on the growth of the aluminosilicate nanotubes after their initial 
formation [66]. Based upon TEM, electron diffraction, and DLS observations, it was 
previously shown that large numbers of nanotubes form continuously in the synthesis 
solution by a self-assembly process, but that their subsequent growth is relatively much 
slower, thereby leading to an almost constant average length of the nanotubes as a 
function of synthesis time [60]. Similarly, it was shown that a 100-fold increase in the 
reactant concentration in the aluminogermanate nanotube synthesis had little effect on the 
average dimensions of the self-assembled nanotubes [71]. Nevertheless, the growth 
processes somewhat broaden the length distribution of the nanotubes, and may occur by 
one or more proposed mechanisms such as end-to-end aggregation of short nanotubes 
[38] and precursor addition to the nanotube ends [66]. It has also been suggested that the 




 The elucidation of the molecular precursors and intermediates in the nanotube 
synthesis is clearly a key “missing link” in describing the nanotube assembly. This work 
focuses on identifying the structure, composition, dimensions, and shapes of molecular 
precursors and clusters involved in the nanotube formation, and tracking the evolution of 
these characteristics during the synthesis process. This objective is achieved by the 
collection and detailed analysis of ESI MS, and NMR spectra from the evolving 
nanotube synthesis solution; and is supported with quantum chemistry calculations on 
several key species of interest. This chapter concludes by integrating the observations 
into the first molecular-scale description of the initial events in the nanotube formation 
process.  
 
2.2 Experimental Details  
 
 2.2.1 Single-Walled Aluminosilicate Nanotube Synthesis 
 
 TEOS (tetraethoxysilane) and Al(sec-butoxide)3 were mixed in a glove box filled 
with nitrogen, and added dropwise to  0.05 M aqueous solution of HClO4 in the molar 
ratios Si:Al:HClO4 = 1:2:1 at 25 ˚C. The solution was vigorously stirred and aged for 18 
h at 25 ˚C, and then diluted to 0.02 M in Al. Immediately after dilution, the temperature 
was increased to 95 ˚C, and kept constant under vigorous stirring for 4 days (96 h). Please 
see Figure 2-1 for illustration of nanotube synthesis process. Samples for liquid-state 
NMR and ESI–MS experiments were directly taken from synthesis solutions during 18 h 
aging (25 ˚C) and subsequent 96 h heating steps (95 ˚C). Samples were immediately used 
for characterization. All characterizations were carried out at room temperature (25 ˚C). 
 21 
To perform solid-state NMR experiments, the samples were immersed into liquid 
nitrogen at various stages of the aging and heating steps, and then freeze-dried at  50 ˚C 
for 5 days. At the end of the reaction sequence, the nanotubes were first precipitated by 
dropwise addition of a 30 wt % ammonia solution; the resulting gel was centrifuged, the 
supernatant was discarded and 10 N HCl was added dropwise to re-disperse the 
nanotubes. Finally, the dispersion was dialyzed for 4 days against de-ionized water using 
a 15 kiloDalton membrane to obtain a pure nanotube dispersion for liquid-state 
27
Al 
NMR studies. Pure nanotube powder samples for solid-state NMR experiments were 
obtained by drying the dialyzed nanotube solution at 60˚C in an oven. 
 
 




Al  Liquid-State NMR Spectroscopy 
 
 Liquid samples of volume 600 µL were placed in 5 mm glass NMR tubes and 
diluted with a 90% H2O/10% D2O mixture, which acted as a field frequency lock. Single-
pulse 
27
Al  liquid-state NMR spectra were collected on a Bruker DMX 400 at a frequency 
of 104.2 MHz. 10k free induction decays were recorded with a repetition time of  0.1 sec. 
The pulse width and acquisition time were 7.5 μsec and 0.25 sec respectively. The spectra 
25°C 95°C
DI H2O
Dialysis 96 h Pure Form
Freeze-Drying
Step 1 - Aging 18 h Step 2 - Heating 96 h
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were carefully corrected for background signals due to aluminum-containing ceramics in 
the probe, by subtracting a spectrum obtained from a “blank” H2O/10% D2O solution. 








Si solid-state CP MAS NMR spectra were recorded on a Bruker DSX 300 
spectrometer with a 7‐mm rotor at a spinning rate of 6 kHz. 1H and 29Si frequencies were 
300.2 MHz and 59.6 MHz respectively. Chemical shifts were referenced relative to 3-




Si pulse sequence was performed with 5 s recycle delay between pulses,  and 3 msec 
contact time. The 90° pulse length was 5 μs. The data represent 2048 transients processed 
with a 5-Hz line broadening. 
 
 2.2.4 ESI Mass Spectrometry 
 
 A Quattro LC (quadrupole-hexapole-quadrupole) mass spectrometer with an 
orthogonal Z-spray electrospray interface was used. The temperature of the surface block 
was       and temperature of the desolvation gas was 150˚C. Samples were injected into 
the ESI MS immediately after they were taken from nanotube synthesis reactor. The 
samples were not diluted. Capillary voltages of 3.3 kV for negative scan mode and 3.5 
kV for positive scan mode were used. The optimum cone voltage was determined as 50 V 
via control experiments on aluminate and silicate samples. Information on species present 
in these solutions was difficult to extract from spectra obtained at lower cone voltages, 
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and higher cone voltages were not used to avoid the possibility of fragmentation of the 
species. Nitrogen was used as the drying gas and nebulizing gas, at flow rates of 500 and 
100 L/h, respectively.  
 
 2.2.5 Molecular Modeling 
 
 The DFT calculations were performed using the DMol
3
 package in the Materials 
Studio molecular modeling software (Accelrys). Energies are calculated using the 
generalized gradient approximation (GGA) and the BLYP functional to model exchange 
and electron correlation effects. Thermal smearing is applied to accelerate convergence. 
Many of the species identified by ESI MS already possess an explicit first hydration 
shell of water and hydroxyl groups. Longer-range solvent effects are also included using 
the conductor-like screening model (COSMO) [72].  Since some of the species contain Cl 
atoms, spin-unrestricted ground-state energy calculations were performed in all cases for 
consistency. A double-numerical plus d functions (DND) effective core potential basis set 
was  employed in all calculations. The effect of using a highly accurate double-numerical 
basis set with polarization functions (DNP) effective core potential basis set was then 
studied using a few test species. In all cases, there was very little change in the optimized 
geometries from the DND basis set calculations. Vibrational frequency calculations were 
then used to verify convergence to energy minima. To accelerate the tedious vibrational 





2.3 Results and Discussion 
 




Al, and solid-state 
29
Si NMR spectroscopy are used to examine 
aluminosilicate nanotube formation from the precursors aluminum sec-butoxide (ASB) 
and tetraethoxysilane (TEOS) in mildly acidic aqueous solutions as a function of aging 
time (up to 18 h at 25 ˚C) and subsequent heating at elevated temperature (up to 96 h at 
95 ˚C). Attempts to perform liquid-state 
29
Si NMR studies on nanotube solutions were 
unsuccessful due to the low isotopic abundance and low sensitivity of 
29
Si nuclei. Signal 
enhancement methods that depend on polarization transfer from 
1
H (e.g., INEPT) [73] 
were also unsuccessful. Hence, all 
29




Al liquid-state NMR spectra  show two  sharp  and distinct resonances  
corresponding to the six-coordinated octahedral monomer [Al(H2O)6]
3+
 (δAl(VI)  0 ppm) 
and a four-coordinated aluminum environment (δAl(IV) = 63.3 ppm) which begins to 
disappear upon heating, as well as a broader peak near 6 ppm that falls in the six-
coordinated chemical shift region (Figure 2‐2). The peak at 63.3 ppm is due to a 
tetrahedral Al unit at the center of a highly symmetric (Al13) [AlO4Al12(OH)24(H2O)12]
7+ 
species [74]. The nanoscale Keggin-like species is well-known to be present in acidic 
aluminate solutions [63], and contains a central tetrahedral Al coordinated with 12 
surrounding Al octahedra via four oxygen atoms at each vertex of the tetrahedron (Figure 
2‐3). The 27Al NMR line from the surrounding octahedral aluminums is nearly invisible 
due to quadrupolar broadening, and was only revealed at 12 ppm [75] after deconvoluting 
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the spectra obtained during aging stage (Figure 2‐4). The inset in Figure 2‐2 shows the 
single 
27
Al NMR resonance (δAl(VI)    6 ppm) from a pure nanotube suspension after 
dialysis. Therefore, the broad peak centered around 6 ppm that was observed throughout 
the synthesis, is assigned to six-coordinated Al species with a bonding environment very 
similar to that found in the nanotube structure (i.e., hexagonal aluminosilicate repeat units 
as shown in Figure 1‐2). As evident from Figure 2‐2, this environment, corresponding to 
the "nanotube-like" structure exists throughout the synthesis together with the monomeric 
Al species.  
 
 The evolution of local environment around the Al atoms is examined by tracking 
the chemical shifts, line widths, and integrated areas of the measured resonances (Figures 
2‐4, 2‐5, and 2‐6). The NMR spectra collected at various stages of the synthesis were fit 
with a series of Lorentzian peaks to obtain the position, full width at half-maximum 
(fwhm) and area of each peak (Figure 2-4). In particular, tracking the 6 ppm resonance 
provides information regarding the evolution of Al configurations that resemble the 
nanotube wall structure. Moreover, the line widths of 
27
Al NMR resonances are strongly 
dependent on the symmetry (i.e., electric field gradient) of the species [76]. 
 
 The peak chemical shift of the broad octahedral 
27
Al NMR signal decreases from 
8.5 ppm to 5.5 ppm and its fwhm decreases from 13 ppm to 8 ppm (Figure 2‐5a,b) during 
aging stage, likely due to local atomic ordering around Al in the nanotube-like 
configuration. After 7 h aging at 25 ˚C, these values become stable, indicating that stable 
species with an ordered nanotube-like configuration of the octahedral Al has been formed 
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in the aging process. Moreover, the integrated intensities of this peak, as well as that of  
the Al13 species (63.3 ppm), increases as a function of aging time but nearly reach a 
plateau after 18 h of aging (Figure 2‐5c,d). Concurrently, the integrated area of the 
monomer peak at  0 ppm decreases during the aging step (Figure 2‐5e). Thus, the 
nanotube-like species and Keggin ions increase at the expense of the monomer species as 
equilibrium is established. 
 
 
Figure 2‐2. 27Al liquid-state NMR spectra of nanotube solutions at various stages of aging 
(25 ˚C) and heating (95 ˚C). The inset shows 
27
Al NMR resonance of dialyzed 
aluminosilicate nanotube solution (δAl(VI)  6 ppm). Spectra were collected at 25 ˚C. The 
species assigned to each NMR signal are shown by 2D ChemDraw representations. The 
peak at 63.3 ppm is observed during aging of nanotube synthesis solutions at 25 ˚C and is 
assigned to the tetrahedral aluminum at the center of a Keggin polycation. This peak 
disappears within 7 h of heating. The peak near 6 ppm is assigned to octahedral 
aluminum in a nanotube-like coordination environment. The sharp peak near 0 ppm 





Figure 2-3. Ball-and-stick model (left) and polyhedron model (right) of the Keggin cation 
[AlO4Al12(OH)24(H2O)12]
7+
. The Keggin cation consists of a tetrahedral aluminate 
[AlO4]
5- 
center surrounded by four octahedral aluminate [Al3(OH)6(H2O)3]
3+




 Upon heating of the aged solution to 95 ˚C, the signal at 63.3 ppm disappears 
within 7 h (Figure 2‐2 and 2‐5e). A previous study of pure aluminate solutions suggests 
that the disappearance of the 63.3 ppm signal above 90 ˚C is due to clustering and 
rearrangement of the Keggin clusters to hexameric rings, which are appropriate 
precursors for gibbsite (layered Al(OH)3) and boehmite (layered AlOOH) formation [78]. 
Such rearrangements should result in the broadening of the 63.3 ppm resonance [74] due 
to a breaking of the tetrahedral symmetry but is not observed in this study. The chemical 
shift of the monomer decreases from 0.3 ppm to 0.1 ppm within 24 hrs of heating, and its 
fwhm also decays and levels off in a similar manner (Figure 2‐6a,b). These small changes 
can be explained by a shift in the equilibrium between aluminate monomers: [74, 78] 
          
                 
       . As explained later in this thesis, this 




Figure 2-4. Lorentzian deconvolution of octahedral region in obtained 
27
Al liquid NMR 
spectra of nanotube solutions at various synthesis times: (a) 1
st
 h aging, (b) 18
th
 h aging, 
(c) 2
nd
 h heating, and (d) 92
nd
 h heating. 
 
 No significant changes are observed in the chemical shift, integrated area, and line 
width of broad octahedral peak near 6 ppm during the heating step (Figure 2-6c,d,g). This 
result strongly indicates that no significant new Al coordination environments are formed 
during the heating step, and that the same Al-containing species formed in the aging step 
are participating in nanotube formation, albeit with some minor structural changes. The 
precursors necessary for nanotube formation should therefore already be in the solution 
prior to heating, and would be used in the formation of nanotubes during the heating 
stage.  
 
 Deconvolution of the heating stage spectra (Figure 2-3) also revealed a new broad 
peak at 3-5 ppm in the octahedral coordination region, whereas the 12 ppm peak detected 
during aging belonging to octahedral units of the Keggin ion have disappeared after 1 h 
of heating. These simultaneous events suggest a change in equilibrium between two 
species or breakdown of Al13 into species represented by the 3-5 ppm peak upon heating. 
Moreover, the changes in chemical shift of the 3-5 ppm peak are strongly correlated to 
that of the monomer peak (Figure 2-4f,g and Figure 2-5c). This may also indicate an 
equilibrium between these two species during heating stage. The 
27
Al NMR peak near 3-5 
ppm might be attributed to dimeric [76] or trimeric [79] aluminate species. According to 
(a) (b) (c) (d)
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Akitt [63], there is an equilibrium between three species in hydrolyzed acidic aluminate 
solutions:  
          
                   
                          
   
  
 
Figure 2‐5. Chemical shift (CS), fwhm, and integrated areas (arbitrary units) of 
resonances in 
27
Al liquid-state NMR spectra of evolving nanotube synthesis solution 
during aging stage. The lines are least-squares fits to guide the eye.  
 
 A similar equilibrium between Al1Six, Al2Six, Al3Six species and a Keggin-like 
Al13Six metastable complex [63, 80] can explain the above observed behavior of the 0 
ppm and 3-5 ppm peaks, together with the disappearance of the Keggin signal at 12 ppm. 
Another possibility is that the 12 ppm peak may have disappeared due to the increased 
quadrupolar broadening caused by condensation of Keggin molecules, although clear 
evidence for this speculation was not found in this study. In summary, liquid-state 
27
Al 














and on their evolution. For the first time, Keggin species were identified clearly in the 
nanotube synthesis solution.  
 
 
Figure 2‐6. Chemical shift (CS), fwhm, and integrated areas (arbitrary units) of 
resonances in 
27
Al liquid-state NMR spectra of evolving nanotube synthesis solution 
during heating stage. The lines are least-squares fits to guide the eye.  
 
 Figure 2-7 shows the change in pH as a function of aging and heating time. After 
initial mixing of reactants at 25 ˚C, the pH drops from  3.7 to 3.3 within 7 h. The pH 
further drops precipitously to  1.7 immediately after the onset of heating to 95 ˚C and 
thereafter stays nearly constant throughout the reaction. The large drop in pH denotes a 
precursor condensation [61, 62, 79] leading to a release of protons. Therefore, it is 
concluded that the combined observations in the aging step    decrease in linewidth, 
increase in integrated area, and decrease in chemical shift of the peak near 6 ppm; 
decrease in monomer peak intensity; increase in the Keggin signal; and slight decrease in 
(f)(e) (h)(g)




(a) (b) (c) (d)
(e) (f) (g) (h)
(i)
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pH   clearly indicate an equilibrium established between the monomers, Keggin ions, 
and species with “nanotube-like” coordination environment, at 25 ˚C. Upon increasing 
the temperature to 95 ˚C, a condensation and rearrangement process takes place. The 
equilibrium between species shifts, and the Keggin ion decomposes. Trimeric and 
dimeric species are likely to be formed in addition to the monomers and the species with 
nanotube-like coordination. These events are also supported by ESI MS study, discussed 
later. 
 
Figure 2-7. pH change of the nanotube synthesis solution as a function of reaction time. 
The dotted line separates the aging (left) (25 ˚C) and heating (right) (95 ˚C) stages. 
 
 
 2.3.2 Characterization of Synthesis Solutions by Solid-State NMR 
 
    The 
29
Si CP MAS NMR spectra of freeze-dried aluminosilicate nanotube 
solutions at various stages of the synthesis are shown in Figure 2-8. In aluminosilicate 
materials, 
29
Si chemical shifts and line widths are affected by coordination with 
aluminum and the aluminum distribution in the lattice [Si( Al)] with number   being the 
next-nearest neighbor Al atoms [81]. The
 29
Si CP MAS NMR spectra exhibit a broad 
resonance centered near  90 ppm (limits range from  75 to  110 ppm) and a sharp peak 
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at  80 ppm. Tetrahedral silicon groups attached to three Al atoms in a Q3(6Al) 
coordination are known to give rise to a sharp resonance near  80 ppm [82]. These 
results indicate the existence of Q
3
(6Al) coordination throughout the synthesis, as also 
confirmed by 
27
Al NMR studies due to the peak near 6-7 ppm. The broad line width of 
the other resonance (centered at  90 ppm) is assigned to variation in the local silicon 
coordination arising from the individual Si( Al) [ =1 5] coordination environments and 
their characteristic 
29
Si NMR chemical shifts separated approximately by 5 ppm and 





Si CP-MAS NMR spectra of freeze-dried nanotube solutions as a function 
of synthesis time. Measurements are done at 25 ˚C. The peak at  80 ppm is due to the 
characteristic Q
3
(6Al) configuration of Si in the aluminosilicate nanotube. The broad 
peak centered near  90 ppm is assigned to silicon tetrahedra surrounded by  =1 5 




 As shown in Figure 2-9, the integrated area % of the  90 ppm peak (relative to 




increases. This indicates the transformation of disordered Si environments to ordered 
Q
3
(6Al) nanotube-like configurations. On the other hand, from 
27
Al liquid NMR results it 
is known that the fraction of species with nanotube-like configuration (peak near 6 ppm) 
does not increase to a significant extent as a function of reaction time. Therefore, it is 
believed that the increase in relative intensity of the  80 ppm peak is a result of ordering 
(e.g., lattice formation) of aluminum atoms that are already in a nanotube-like 
coordination with the Si species [Si( Al) Si(6Al)], and not due to significantly new 
formation of Q
3
(6Al) configurations. The 
29
Si chemical shift near  80 ppm of the 
evolving solutions does not change, showing that the Si(6Al) chemical environment of 
silicon remains stable throughout the synthesis. The chemical shift of the peak centered at 
 90 ppm also remains constant, but it gradually diminishes during the reaction.  
 
 
Figure 2-9. Integrated areas (relative to the total area) of the two resonances (peaks 
centered at  80 ppm and  90 ppm) in the 29Si CP MAS NMR spectra versus reaction 
time (18 h aging at 25 ˚C followed by 96 h heating at 95 ˚C). The dotted line separates 
the aging (left side of the line) and heating (right side of the line) stages. Spectra was 




 2.3.3 Aluminum and Silicon Speciation  
  
 Before examining the nanotube synthesis solution, first electrospray ionization 
mass spectrometry (ESI MS) experiments on ASB (0.1 M, pH 3.5, at 25 ˚C) and TEOS 
(0.05 M, pH 3.2, at 25 ˚C) solutions hydrolyzed in perchloric acid are conducted to 
understand aluminum and silicon speciation in mildly acidic aqueous solutions. The 
ESI MS technique has the ability to “gently” vaporize and transfer ions directly from 
solutions to the gas phase in the mass spectrometry column, thereby allowing rapid and 
highly sensitive characterization of molecular species and larger complexes [86, 87].  The 
ESI MS spectra of TEOS and ASB solutions after 1 h of hydrolysis at 25 ˚C are shown 
in Figure 2-10 and 2-11, respectively. The structural identification of hydrolysis products 
is carried out based on the detected mass-to-charge ratio (   ), isotopic ratios, and 
“water (H2O) series”, which are signals with incremental differences of  =18 units 
(corresponding to the same species with different numbers of attached water molecules in 
the vaporized state). Therefore, the    separation between the signals will be 9 units for 
doubly charged species and 6 units for triply charged species [88-90]. Peaks that do not 
belong to a water series cannot be identified immediately, as their charge cannot be 
inferred a priori. Care is required in order to extract the relevant information from the 
large mass of ESI MS data [91]. A detailed quantitative approach was adopted. A 
computer code was written in order to scan through all possible molecular formulae that 
match every detected peak (    ratio) above noise level. The code considers all 
elemental combinations (including all chemically significant isotopes) of Al, Si, H, O, C, 
and Cl, as well as every ligand (–OH, –Cl, –OCl35O3, –OCl
37
O3, –OC2H5, –OC4H9). This 
produced a list of arithmetically possible molecular formulae, of which the vast majority 
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are easily eliminated as being chemically impossible. The final lists of aluminate and 
silicate species in Table 2-1 and Table 2-2 were assigned to the experimental     ratios 
based on their full agreement with the interpreted charge, isotope separation, and 
structural consistency throughout the spectra. Moreover, the last     ratio of a “water 
series” should not exceed the number of available coordination sites for water in the 
identified structure. On the other hand, the chlorine isotopic distribution patterns in the 
    400 900 region indicate several complexes with overlapping     values. In this 
region, it is much more difficult to identify the large number of isotope peaks and to 
correlate the isotope peak ratios to the amount of chlorine in the structure. For example, 
the isotopic peak intensity ratio should be 9:6:1 for species containing two OClO3
-
 ions, 
but because of overlapping of signals from different species, this ratio is not easily 
identified [92]. Finally, solvated DFT calculations were used to optimize the geometry of 





Figure 2-10. ESI MS spectra of hydrolyzed 0.05 M TEOS at mildly acidic solutions 
(pH 3.2) obtained after 1 h aging at 25 ˚C: (a) ESI    and (b) ESI   . Peak separations 
of 18 u (such as     157 to 175 or     355 to 373) might be due to dehydroxylation of 



























































































































Figure 2-11. ESI MS spectra of hydrolyzed 0.1 M ASB at mildly acidic solutions 
(pH 3.4) obtained after 1 h aging at 25 ˚C: (a) ESI   , and (b) ESI   . 
 
 
Table 2-1. Aluminate complexes identified from positive and negative charge scan modes 
of ESI–MS (    20–900) in mildly acidic solutions (pH  3.4) after 1 h of hydrolysis of 
ASB at 25 ˚C. 
 
Chemical Formula of   Species  Peak Series (   ) 
       
[Al(OH)2(H2O)n]
+
 61+18n (n=0-2) 
[Al(OH)(H2O)n(ClO4)]
+
 143+18n (n=0-3) 
[Al(H2O)n(ClO4)2]
+
 225+18n (n=0-3) 
[Al2(OH)4(ClO4)(H2O)n]
+
 221+18n (n=0-5) 
[Al2(OH)3(H2O)n(ClO4)2]
+







 387+18n (n=0-4) 
[Al5(OH)9(H2O)n+5(ClO4)4]
2+












 420+18n (n=0-2) 
[Al6(OH)17(H2O)n]
+
 451+18n (n=0-2) 
[Al7(OH)15(H2O)n+5(ClO4)4]
+













































 698+9n (n=0-5) 
       
[Cl(O)n+3]
-
 83+16n (n=0-1) 
[Al2O3(OH)]
-
 m/z 119 
[Al(ClO4)4]
-
 m/z 425 
[Al(OH)(ClO4)3]
-
 m/z 341 
 
 Several aluminate species of varying sizes, containing 1 13 aluminum atoms 























































































































various forms, ranging from monomeric complexes [Al(OH)2(H2O)n]
+
 ( =0 2), 
[Al(OH)(H2O)n(ClO4)]
+ 
( =0 3), [Al(H2O)n(ClO4)2]
+ 










 ( =0 5), 
[Al2(OH)3(H2O)n(ClO4)2]
+ 






( =0 4), 
[Al2O3(OH)]
- 
; and trimers [Al3O3(OH)(H2O)n(ClO4)3]
- 
 ( =0 4). As seen in the 





 polymeric aluminate complexes, there are complete or incomplete aluminate rings 
in which octahedral aluminum centers are bridged with bis(µ2-hydroxo) groups. Such 
complexes are immediately recognized as precursors for the formation of structures such 
as gibbsite [Al(OH)3], whose basic unit is the Al6 ring. Larger complexes such as Al9, 
Al10, Al12 containing Al6 ring units, and Al13 (Keggin ion) are also observed. In a further 
confirmation of results, a Al13
2+
 Keggin ion [89] was also observed previously. 
Complexation between aluminum and perchlorate ( OClO3) species was evident from 
the chlorine isotopic peak separations. The species contain various numbers of  OClO3 
ions. Although the Al6 ring motif is always present, there are clearly several isomeric 
arrangements of perchlorate anions, hydroxyl groups, and water molecules on the edges 
of these complexes. The structures shown in Figure 2-11 depict only individual isomers 
of these species.  
  
 These structures are clearly shown to have planar minimum-energy configurations 
by the DFT calculations. Based on overall observations of the structural patterns in the 
identified monomer and dimer complexes, it is found that variations in the number of 
attached perchlorate ions are primarily caused by the replacement of outer  OH groups 
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with  OClO3 groups. Bidentate ( O2ClO2) complexation of perchlorate anions with 
aluminates can potentially also occur. However, quantitative analysis of the low-
molecular weight species clearly indicated that the molecular formulae are only 
consistent with monodentate complexation in the form of  OClO3. A very recent ESI 
study on aluminum speciation in aqueous AlCl3 solutions containing the ClO4
-
 anion has 
suggested that the perchlorate anion might also help bridge two aluminum ions [88]. 
Other recent findings indicated denser, “brucite-like” aluminate complexes in hydrolyzed 
aluminum solutions that did not contain perchlorate ions [77, 94], whereas the results in 
this thesis clearly indicate species with a gibbsite (six-membered ring) structure (    = 
519 in Figure 2-12) and also confirm previous SAXS studies [95]. The observed 
complexation of perchlorate ions with almost all the aluminate species (Table 2-1) may 
indicate their role in stabilizing species whose basic unit is the six-membered gibbsite 
ring, and inhibiting formation of brucite-like clusters. The complexation of aluminate 
species by perchlorate anions may also prevent further condensation of species larger 
than Al13. Therefore, it is believed that complexation of aluminosilicate species with 
perchlorate anions is important in understanding the mechanism of nanotube formation. 
Species larger than Al13 was not detected, but previous studies on aluminate solutions 
indicated the possible existence of Al30 [75] and Al26 [96] structures that might be formed 
by condensation of more than one Keggin unit.  
 
 Next, silicon speciation in mildly acidic solutions is studied by ESI MS    and 





Si) are observed to be 1    , showing that the species have 1 unit of 
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charge. Hydrolysis of TEOS predominantly resulted in the formation of small silicate 
species such as the dimer (    = 175) and cyclic trimer (     = 235) [93].  The silicate 
monomer was not detected in either scan mode. Complete hydrolysis occurred, and no 
ethoxy ( OC2H5) ligands were detected in the structures. Tetramer and pentamer silica 
species were also found at      = 277 and 373, respectively. The solution also contains 
cage-like polymeric ions. Signals at     = 415 and     = 533 were assigned to T6 and 
T8 cages, respectively. Previous studies also reported cage structures of silicates [86, 97]. 
No complexation with perchlorate anions (ClO4
-
) was detected.  As expected, no silicon 
species were detected in the negative scan mode. Figure 2-13 shows DFT-optimized 
geometries of the species identified in the silicate solution, which are predominantly 
cyclic in structure. Previous computational works using density functional theory and free 
energy calculations [97, 98] also report that cyclic silicate species are very stable and are 
highly likely to be formed.  
 
 
       
 
 
Figure 2-12.  DFT-optimized geometries of selected planar complexes identified in a 
mildly acidic aqueous aluminate solution at 25 ˚C.  For illustration, the upper structure 
(Al6) with    = 451  is shown in two orientations: top view (on left), and side view (on 




Table 2-2. Silicate complexes identified from positive and negative charge scan modes of 
ESI–MS (    20–900) in mildly acidic solutions (pH 3.2) after 1 h of hydrolysis of 
TEOS at 25 ˚C. 
 
Chemical Formula of    Species   Peak  (   ) 
       
[Si2O(OH)5(H2O)]
+
 m/z 175 
[Si3O3(OH)5(H2O)]
+
 m/z 235 
[Si4O6(OH)3(H2O)]
+
 m/z 277 
[Si5O6(OH)7(H2O)]
+
 m/z 355 
[Si6O9(OH)5(H2O)]
+
 m/z 415 
[Si7O10(OH)7(H2O)]
+
 m/z 493 
[Si8O12(OH)7(H2O)]
+
 m/z 553 
       
[Cl(O)n+3]
-
 83+16n (n=0-1) 
 
 
Figure 2-13.  DFT-optimized geometries of selected complexes identified in a mildly 
acidic aqueous silicate solution at 25 ˚C. 
 
 
 2.3.4 Aluminosilicate Speciation  
 
 Having confirmed the reliability of ESI MS measurements and analysis 
techniques, ESI MS spectra from nanotube synthesis solutions at various stages are then 
obtained. The spectra collected throughout the aging stage did not show significant 
differences in peak positions. Therefore, it is concluded that the main species in the 
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synthesis solution do not change during the aging stage. Figure 2-14 shows a ESI MS 
spectra of the nanotube synthesis solution (taken after 1 h of aging at 25 ˚C), and Table 2-
3 shows the chemical composition of species identified by exhaustive quantitative 
procedure. It is clear that the nanotube synthesis is controlled by aluminate speciation. No 
signals from silicate species were detected. As in the pure aluminate solution, the 
distribution of aluminosilicate species in solution ranged from having 1 13 aluminum 
atoms in their structures, the differences being only in the number of attached silicon 
tetrahedra and perchlorate anions [i.e., Al1Six(ClO4)y  Al13Six(ClO4)y]. Keggin ions with 
attached silicate groups were also identified.  
 
 
Figure 2-14. ESI MS spectra of nanotube solutions after 1 h of aging at 25 ˚C: (a) 




Figure 2-15. ESI MS spectra of solutions after 3 h heating: (a) ESI   , and (b) ESI   . 



















































































































































































































































Figure 2-15 continued. 
Table 2-3. Aluminosilicate complexes identified from positive and negative charge scan 
modes of ESI MS (    20 900) in the nanotube synthesis solution after 1 h of aging. 
 
Chemical Formula of      Species  Peak Series (   ) 
       
[Al(OH)2(H2O)n]
+
 61+18n (n=0-2) 
[Al(OH)(H2O)n(ClO4)]
+
 143+18n (n=0-3) 
[Al(H2O)n(ClO4)2]
+
 225+18n (n=0-3) 
[Al2(OH)5(H2O)n]
+










 217+18n (n=0-3) 
[Al3SiO2(OH)6(H2O)n(ClO4)]
2+
 171+9n (n=0-5) 
[Al3SiO2(OH)8(H2O)n]
+ 
/ m/z 277: [Si4O6(OH)3(H2O)]
+
 277+18n (n=0-2) 
[Al7Si2O5(OH)13(H2O)n+3(ClO4)3]
3+
 299+6n (n=0-4) 
[Al2(OH)3(H2O)n(ClO4)2]
+














 329+6n (n=0-7) 
[Al2(OH)2(H2O)n(ClO4)3]
+







 387+18n (n=0-4) 
[Al2SiO(OH)5(H2O)n(ClO4)2]
+
 381+18n (n=0-3) 
[Al4SiO3(OH)8(H2O)n+1(ClO4)]
+
 437+18n (n=0-2) 
[Al2SiO(OH)4(H2O)n(ClO4)3]
+
 463+18n (n=0-4) 
[Al5SiO3(OH)12(H2O)n+1]
+ 
  /  [Al4Si2O4(OH)11(H2O)n+1]
+
 433+18n (n=0-6) 
[Al5Si2O5(OH)12(H2O)n+1]
+
 493+18n (n=0-3) 
[Al6SiO3(OH)15(H2O)n]
+





 497+18n (n=0-4) 
[Al10SiO3(OH)22(H2O)n(ClO4)3(ClO4)]
2+

































 638+9n (n=0-6) 
[Al12Si3O9(OH)26(H2O)n+1(ClO4)2]
2+
 605+9n (n=0-7) 
[Al12Si5O12(OH)29(H2O)n+3(ClO4)]
2+












 648+9n (n=0-4) 
[Al12Si7O16(OH)30(H2O)n+5]
2+


































































































 756+9n (n=0-3) 
[Al13Si6O10(OH)40(H2O)n+3(ClO4)]
2+
 756+9n (n=0-3) 
       
[Cl(O)n+3]
-
 83+16n (n=0-1) 
[Al(OH)(ClO4)3]
-
 m/z 341 
[Al(ClO4)4]
-
 m/z 425 
[Al3O3(OH)(H2O)n(ClO4)3]
-





 m/z 533 
[Al4Si2O4(OH)12(H2O)n+2(ClO4)]
-
 567+18n (n=0-1) 
 
 There are several important points to be highlighted at this stage. First, it is 
significant that nearly all species could be explained with the same basic structural 
characteristics as found in the aluminate solution, such as the octahedral aluminum units 
linked by µ2 OH groups at shared edges, the existence of aluminosilicate gibbsite-like 
units with a Q
3
(6Al) configuration of Si, the binding of perchlorate ions to the edges of 
the aluminosilicate complexes, and the existence of end-groups consisting of highly 
distorted tetra-coordinated aluminum sites (with Al OH or Al OClO3 bonds). The 
silicate species are attached to aluminate complexes that are already in a nanotube-like 
configuration, most notably the Al6 rings with silicon attached in a Q
3
(6Al) configuration 
as well as larger sheet-like structures in which this structural motif is repeated. These 
complexes constitute the first direct evidence of “proto-nanotube” species existing in the 
solution. Second, these ESI MS findings are directly supported by NMR results. Third, 
the aluminosilicate, aluminate, and silicate speciation arises naturally from the arithmetic 
analysis of the ESI MS data and does not involve any structural assumptions other than 
the list of elements, isotopes, ligands, and reasonably expected coordination 
environments (e.g., octahedral Al, tetrahedral Al and Si). Fourth, the conversion of 
tetrahedral aluminum to octahedral aluminum was proposed as being necessary prior to 
proto-imogolite formation [62] and was interpreted as being a result of silicate species 
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bridging two aluminate species. On the other hand, it appears here that such a conversion 
more likely occurs due to rearrangement of tetrahedral aluminum (found on the edges of 
the proto-nanotube sheets) into octahedral aluminum during the assembly of the 
nanotube, by condensation of these proto-nanotube complexes.  
 
 Solvated DFT-based geometry optimizations performed on selected key species 
revealed the inherent curvature of identified aluminosilicate precursors (Figure 2-16) in 
comparison to the planar precursors found in aluminate solutions (Figure 2-12). The 
precursors with     = 547 consist of a hexagonal ring of aluminate octahedra, and 
tetrahedra, with a silanol group attached to it. This structure is closely related to the 
structure of the final nanotube material, and its radius of curvature is almost identical to 
that of the final nanotube material. Larger precursors such as     = 595 and 733 also 
show the existence of the same structural motif as the precursor with     = 547. The 
present study therefore indicates the potential for engineering the curvature of 
nanostructured materials (such as nanotubes and nanoshells) by controlling the speciation 
of the molecular and nanoscale precursors. 
 
 The species identified in the subsequent heating step at 95 ˚C are listed in Table 2-
4. Upon heating the aged solution to 95 ˚C to induce nanotube assembly, it is observed 
that all proto-nanotube species in the     500 800 region of the ESI MS spectra 
disappear within 3 h, but the species identified in the     50 500 region remain nearly 
constant throughout the reaction (Figure 2-15). This is consistent with the condensation 
of the proto-nanotube precursors into larger nanoparticles which then rearrange into short 
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nanotubes, a mechanism proposed by us previously [60]. New Al3Si species (Table 2-4) 
(highlighted in bold) appeared within 24 h of heating. Therefore, the new 3-5 ppm peak 
appearing in the 
27







Figure 2-16. DFT-optimized geometries of selected aluminosilicate “proto-nanotube” 
precursors identified by ESI MS. The species     = 547, 595, and 733 are shown in 
two orientations: top view (left) and side view (right). Dotted circles show example 
locations of Al tetrahedra adjoined by Si atoms in Si  Al  coordination. The dashed lines 
follow the inherent curvature     of these species, as measured from their radii of 
curvature    . As shown,                          . 
 

















Table 2-4. Aluminosilicate complexes identified from positive and negative charge scan 
modes of ESI MS (    20 900) in the nanotube synthesis solution during 96 h 
reaction.  
 
Chemical Formula of      Species  Peak Series (   ) 
       
[Al(OH)2(H2O)n]
+
 61+18n (n=0-2) 
[Al(OH)(H2O)n(ClO4)]
+
 143+18n (n=0-3) 
[Al(H2O)n(ClO4)2]
+
 225+18n (n=0-3) 
[Al2(OH)5(H2O)n]
+










 217+18n (n=0-3) 
[Al3SiO2(OH)6(H2O)n(ClO4)]
2+
 171+9n (n=0-5) 
[Al3SiO2(OH)8(H2O)n]
+ 
/ m/z 277: [Si4O6(OH)3(H2O)]
+
 277+18n (n=0-2) 
[Al7Si2O5(OH)13(H2O)n+3(ClO4)3]
3+
 299+6n (n=0-4) 
[Al2(OH)3(H2O)n(ClO4)2]
+














 329+6n (n=0-7) 
[Al2(OH)2(H2O)n(ClO4)3]
+







 387+18n (n=0-4) 
[Al2SiO(OH)5(H2O)n(ClO4)2]
+
 381+18n (n=0-3) 
[Al4SiO3(OH)8(H2O)n+1(ClO4)]
+
 437+18n (n=0-2) 
[Al2SiO(OH)4(H2O)n(ClO4)3]
+
 463+18n (n=0-4) 
[Al5SiO3(OH)12(H2O)n+1]
+ 
  /  [Al4Si2O4(OH)11(H2O)n+1]
+
 433+18n (n=0-6) 
[Al5Si2O5(OH)12(H2O)n+1]
+
 493+18n (n=0-3) 
[Al6SiO3(OH)15(H2O)n]
+





 497+18n (n=0-4) 
[Al3SiO2(OH)7(H2O)n+6]
2+
 184+9n (n=0-1) 
[Al3SiO2(OH)5(H2O)n+6(ClO4)2]
2+
 266+9n (n=0-1) 
[Al3SiO2(OH)8(H2O)n+2]
+
 313+18n (n=0-2) 
       
[Cl(O)n+3]
-
 83+16n (n=0-1) 
[Al(OH)(ClO4)3]
-
 m/z 341 
[Al(ClO4)4]
-
 m/z 425 
[Al3O3(OH)(H2O)n(ClO4)3]
-





 m/z 533 
 
 
 2.3.5 Overall Mechanism of Nanotube Formation 
  
 On the basis of the detailed insights from ESI MS and NMR investigations, a 
molecular-level mechanism of single-walled aluminosilicate nanotube formation is 
constructed (Figure 2-17). Stable proto-nanotube intermediates with intrinsic curvature 
form within 1 h of aging and remain essentially unchanged throughout this step. Within 7 
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h of the initial mixing of reactants, a dynamic equilibrium between “small”, “medium”, 
and “large” aluminosilicate precursors is established. 
 
 The equilibria involving some main species detected by ESI MS is depicted as 
follows: 
                    
                       
        
 
                          
                               
             
  
 
                               
              
 
                                
             
       
 
 The experimental findings that support such equilibria are summarized as follows: 
(1) there is a slight decrease in pH from 3.7 to 3.3 during aging; (2) there is an increase in 
the integrated area of Keggin peaks at 63.3 ppm, 12 ppm, and 6 ppm peak in liquid-state 
27Al NMR that represents species in nanotube-like configuration; (3) there is a decrease 
in line width and chemical shift of the 6 ppm peak in liquid-state 27Al NMR; (4) there is 
slight decrease in area % of –90 ppm peak in 29Si MAS NMR spectra as a function of 
aging time; and (5) ESI-MS showed that main species remained essentially similar 
throughout the aging, but NMR peaks showed minor changes in terms of their chemical 





Figure 2-17. Formation mechanism of aluminosilicate nanotubes.  The upper section of 
the figure shows the equilibrium established between aluminosilicate species during the 
aging stage at 25 ˚C. The lower section shows the condensation and rearrangement of 
Al8Six Al12Six species upon heating. 
 
 
 The DFT simulations revealed that the Al6Six Al12Six aluminosilicate species 
have intrinsically curved structures, in contrast to the planar structures observed in the 
aluminate solutions. Upon heating the aged nanotube synthesis solution, the nanoscale 
aluminosilicate intermediate species represented by the ESI MS region     500 800 
(i.e., Al8Six Al13Six) disappear from the ESI MS spectra. Those species are hence 
condensing into larger nanoparticle aggregates and then rearrange into the initial 
nanotubes and subsequently grow by a variety of processes (e.g., precursor attachment, 
end-to-end aggregation). The experimental findings that support such a mechanism are 
summarized as follows: (1) an abrupt decrease in pH immediately upon heating to 95 ˚C 
and nearly constant pH throughout the remaining 95 h of reaction; (2) nearly constant 
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area of liquid-state 
27
Al NMR 6 ppm peak that represents the nanotube-like aluminum 
bonding environment;  and (3) rearrangement detected by increase in area % of  80 ppm 
and decrease in  90 ppm peak in solid-state 29Si NMR.  
 
 The role of the aluminosilicate Keggin-like ions remains unclear. The literature on 
aluminate solutions suggests the transformation of aluminate Keggin ions into planar 
gibbsite-like layered structures. Such a rearrangement in the aluminosilicate solution was 
not observed. In contrast, the aluminosilicate solution contains a richer variety of species, 
many of which are complexed with perchlorate ions. On the basis of observations as 
discussed above, whether the Al13Six Keggin species participate in the condensation and 
rearrangement of the nanoscale species into nanotubes, or whether they decompose into 
smaller species such as the Al3Six units that appear upon heating the nanotube synthesis 
















SHAPING SINGLE-WALLED METAL OXIDE NANOTUBES FROM 




 Nanoscopic objects, such as nanotubes and nanowires, are important building 
block materials for nanoscale science and engineering. Despite the considerable progress 
in nanoscale materials processing, the difficulty in constructing nanoscopic objects of 
complex structure, morphology, and composition increases dramatically as one or more 
dimensions of the object drop to 10 or 1 nm length scales and also when the desired 
structural complexity deviates from that of simple crystals [99].  Such objects would be 
extremely interesting for achieving properties, such as fast transport of charge/mass/heat, 
drastically tunable electronic structure, confinement phenomena, and very high-surface 
areas [4]. Carbon nanotubes and their analogues continue to be extensively studied [16, 
100]. Metal oxide nanotubes have emerged as attractive nanoscale materials due to their 
potentially vast range of tunable compositions and properties accessible by low-
temperature solution-phase chemistry [22, 25]. Conventional routes for metal oxide 
nanoparticle growth involve either gas-phase catalytic or liquid-phase templated 
approaches to produce polydisperse, multiwalled nanotubes or nanowires several tens of 
nanometers in diameter (e.g., ZnO and TiO2) [25]. However, examples of single-walled 
metal oxide nanotubes are available, such as aluminosilicate/germanate 
(Al2SiO3(OH)4/Al2GeO3(OH)4) and molybdenum oxide (MoO3) nanotubes [33, 65]. 
Their unique wall structure and porosity, tunable dimensions, and chemically modifiable 
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interior and exterior surfaces cannot be obtained by scaling down the size of bulk porous 
materials [71]. The unique structure and tunable length of the aluminosilicate nanotube 
channel allow very high fluxes of water, alcohols, and potentially of charged species [54, 
56, 101], thereby offering a self-assembled alternative to nanopores fabricated by top-
down methods [102, 103]. The confinement of molecules and ions in the channel, and 
their interactions with species (including organic groups) [40-42, 104] on the inner wall 
of the nanotubes, offers potential for controlling molecular recognition phenomena 
relevant to applications, such as catalysis, separation, encapsulation, controlled release, 
and sensing. These nanotubes can be synthesized by low-temperature solution-phase 
processes with inexpensive reactants and without a catalyst [105-107].  
  
 Generalizable ‘design rules’ for nanoscopic metal oxide objects have not been 
available. In this work, two important steps toward this objective are demonstrated. First, 
it is shown that the diameter of a metal oxide nanotube can be shaped with angstrom-
level precision by engineering the structure and composition of molecular- and 
nanometer-scale precursors responsible for nanotube formation, without disturbing the 
structure or composition of the final nanotube material. Second, the relationships between 
subtle alterations of the reactant composition, their effect on the structure and shape of 
the molecular and nanoscale precursors, and the curvature of the final nanotube were 
characterized at the molecular level. Although the findings have significant implications 
for nanoscale metal oxide systems in general, single-walled aluminosilicate (“AlSiOH”) 
nanotubes, which are synthetic analogues of the naturally occurring single-walled 
nanotubular mineral imogolite, are the main focus here on. Recent works have provided 
mechanistic information on the formation and growth of these nanotubes. It is now 
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known that their formation occurs by the condensation of nanoscale precursors into 
nanoparticle aggregates that subsequently assemble into ordered nanotubular structures 
and then continue to grow in length by a variety of mechanisms [38, 66]. These 
mechanisms have some similarities, but also fundamental differences, with those 
operating in the assembly of bulk porous materials such as zeolites [71, 108]. A 
molecular-level understanding of the nanotube assembly processes holds quantitative 
promise for rationally ‘shaping’ nanoscopic metal oxide objects in solution. 
 
Figure 3-1 depicts the key principles underlying this work. It is hypothesized that 
there is a specific relationship between the precursor shapes and the resulting nanotube 
shapes; and furthermore that the precursor shape could be engineered precisely via the 
reactant composition. To demonstrate the Ångstrom-level control over precursor shape 
and the  resulting  nanotube shape, it is shown here that the binding of different anions to 
the nanoscale precursors can be exploited rationally to alter their curvature and thereby 
form nanotubes of precisely controlled diameters. Through a combination of nanotube 
synthesis, molecular mass spectrometry, cryo-electron microscopy, NMR spectroscopy, 
and quantum chemistry computations, the relationship between the type of binding anion, 
the shape and structure of the precursors, and the final nanotube curvature is shown 
explicitly. The findings clearly reveal a deliberate molecular-level approach to shaping 







Figure 3-1. Shape control of metal oxide nanotubes. A: Anion Complexation. Use of 
different anions (e.g., acetate, chloride, perchlorate) that complex with the precursors and 
alter their curvature. The anions are released during condensation of the precursors, 
leaving the nanotube structure unaffected but allowing control of curvature, as shown in 
this work. Other methods for altering nanotube structure (not investigated here) may also 
follow similar but yet-unexplained mechanisms, such as B: Substitution. The silicate 
tetrahedra can be substituted with other tetrahedra (e.g., germanate), or C: Functional 
Groups. The silicate tetrahedra can be replaced by organosilicate        tetrahedra; in 
both cases leading to a change in diameter as well as composition. 
 
 
3.2 Experimental Details 
 
TEOS (tetraethoxysilane) and Al(sec-butoxide)3 were mixed in a glove box under 
inert conditions, and added to a 0.05 M aqueous solution of a protic acid X (where X = 
HClO4, HCl, CH3COOH) in the molar ratios Si:Al:X = 1:2:1 at 25 ˚C. The solution was 
stirred for 18 h, and then diluted to 0.02 M in Al. Immediately after dilution, the solution 
was heated to 95 ˚C and maintained under vigorous stirring for 4 days. Finally, the 
solution was dialyzed for 4 days against deionized water and then freeze-dried to obtain 
the final nanotube product for solid-state characterizations. Samples for cryo-electron 
microscopy were taken directly from the aqueous nanotube dispersion. 
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Powder X-ray diffraction (XRD) was performed on a PAnalytical X’pert Pro 
diffractometer operating with a Cu Kα source. The high-resolution diffraction data were 
collected with a diffracted beam collimator and a proportional detector, scanning from 2 
to 30° two theta with a step size of 0.05°. Nitrogen physisorption measurements were 
carried out on a Micromeritics Tristar IIat 77 K. The sample was placed in an analysis 
tube and degassed under 15 mTorr vacuum at 200 ˚C for 12 hours before the 
physisorption measurement. Cryo-electron microscopy was performed at the Emory 
University Robert P. Apkarian Integrated Electron Microscopy Core. Nanotube aliquots 
were flash-frozen (plunge-frozen) onto glow-discharged, 200 mesh, holey carbon-coated 
copper grids in liquid ethane using a Vitrobot Mark III system (FEI, Hillsboro, Oregon). 
Images were collected using a JEOL JEM-2200FS 200 kV field emission transmission 
electron microscope with an in-column Omega energy filter (operated at 200 kV). The 
images were energy filtered with a slit width of 20 eV. Images were collected under low 
dose conditions with the sample maintained at a temperature of ~ 177 ˚C Celsius. 
Images were captured on a high sensitivity Gatan 4k x 4k Ultrascan CCD camera at close 





Si solid-state NMR spectra were recorded on a Bruker AV 400 at 104.2 
MHz and 79 MHz respectively, using 4-mm rotor and a sample spinning rate of 10 kHz. 
For the 
27
Al NMR spectra, single-pulse excitation was employed with a pulse delay of 2 s 
and a pulse width of 3.20 μs, and 2048 free induction decays were recorded. Al(NO)3 was 
used for calibration. For the 
29





sequence was used with a 5-μs 
1
H 90° pulse length, 2-ms contact time, 5-s delay between 
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1
H excitation pulses, and 2048 scans were acquired. The spectra were calibrated with the 
sodium salt of 3-(trimethylsilyl)-1-propanesulfonic acid.  Details of the ESI-MS and DFT 
experiments are described in Chapter 2. 
 
3.3 Results and Discussion 
 
 3.3.1 X-ray Diffraction 
 
 Figure 3-2 shows the measured X-ray diffraction (XRD) patterns of 
aluminosilicate nanotubes synthesized using protic acids with different anions at 0.05 M 
concentration. The XRD patterns exhibit an intense low-angle peak, an accompanying 
shoulder, and a series of other peaks, corresponding to the scattering from bundles of 
tubes in monoclinic or hexagonal packing configurations. Detailed XRD studies show 
that the low-angle peak position is most strongly correlated with the external diameter of 
the nanotube, with the spacing between the nanotubes playing only a minor role [109]. As 
seen in Figure 3-2a, the low-angle peak, as well as the remaining peaks, show systematic 
shifts as a function of the anion(s) present in the synthesis solution, indicating systematic 
changes in the nanotube diameter. Aluminosilicate nanotubes synthesized using acetate 
anions have the smallest external diameters, whereas the use of perchlorate anions 
produces nanotubes with the largest external diameters. Figure 3-2b shows simulated 
XRD patterns of nanotube bundles in a hexagonal packing arrangement, showing the 
clear correlation of the peak shifts to the number of repeat units (  = 11 16) in the 
circumference. Since the structure of the nanotube wall is the same in all cases (as 
verified by multiple techniques described in this work), the pore size (internal diameter) 
should also exhibit the same trend as the outer diameter.  
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physisorption measurements were made to investigate the change in pore size 
due to the different anions in aluminosilicate nanotube synthesis and corroborate the 
XRD data. Figure 3-3a shows pore-size distribution plots determined using the Horvath-
Kawazoe model with the Saito-Foley modification for cylindrical pores [110, 111].
 
Pore 
sizes centered at 0.80 0.02 nm, 0.93 0.05 nm, and 0.99 0.06 nm are obtained for 
nanotubes synthesized using 0.05 M HCl, 0.05 M 50%HCl-50%HClO4, and 0.05 M 
HClO4, respectively. The pore size of nanotubes synthesized with 0.05 M CH3COOH is 
smaller than 0.8 nm and could not be resolved by N2
 
physisorption analysis. The original 
adsorption curves are also provided in the Figure 3-3b.  
  
 
Figure 3-2. (a) Experimental XRD patterns of single-walled aluminosilicate nanotubes 
synthesized in acidic solutions containing different anions, showing a shift in the low-
angle scattering peak with variation of the anion; and (b) Simulated XRD patterns of 
hexagonally-packed nanotubes, revealing the monotonic relationship between the 
location of the low-angle peak and the nanotube diameter.   represents the number of 
aluminosilicate repeat units in the nanotube circumference.  
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Figure 3-3. (a) Differential pore size distributions of aluminosilicate nanotubes 
synthesized in acidic solutions in the presence of different anions. Inset shows magnified 
range of pore diameters. (b) Nitrogen adsorption curves of aluminosilicate nanotubes 
synthesized from different acids. 
 
 3.3.3 Cryo-electron Microscopy 
 
 Although the nanotube dimensions derived from XRD and nitrogen physisorption 
analysis strongly indicate that the nanotube diameter can be controlled by the use of 
anionic ligands, high-resolution cryo-electron microscopy (cryo-EM) conclusively 
demonstrates the principle of nanotube shaping. Individual nanotubes can rarely be 
imaged by conventional TEM techniques because they aggregate upon solvent 
evaporation during sample preparation. Cryo-EM specimens were prepared by pipetting 
dialyzed nanotube solutions on to an EM grid, blotting away excess solution, and then 
rapidly plunge-freezing the grid in liquid ethane. Image processing and analysis was done 
with the ImageJ software [112]. The nanotube diameter distribution in each material was 
determined based on measurement of the diameter of 50 individual nanotubes in several 
high-resolution cryo-EM micrographs. Representative cryo-EM images are shown in 
Figure 3-4a-h. Image analysis revealed remarkably sharp diameter distributions in all the 
materials. Moreover, these distributions changed significantly depending upon the anion 
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used in the synthesis. The average nanotube diameters were found to be 2.8 0.2 nm 
(NTs synthesized in HClO4), 2.5 0.2 nm (50% HClO4 - 50% HCl), 2.4 0.2 nm (HCl), 
and 2.2 0.2 nm (CH3COOH). Cryo-EM counts for nanotube diameters are shown in 
Figure 3-5. While these precisely determined diameters fully follow the trends indicated 
by the XRD and physisorption analysis, an exact agreement of the latter two methods 
with the cryo-EM results cannot be expected. Previous studies suggest that the pore size 
derived from nitrogen physisorption tends to be an underestimate [113]. Existing models 
for translating physisorption isotherms into pore size distributions asusme a uniform 
packing of nitrogen molecules into the channels [114], which is likely to be an 






Figure 3-4. Representative low-magnification and high-magnification cryo-EM images of 
single-walled aluminosilicate nanotubes synthesized in 0.05 M: (a, b) CH3COOH; (c, d) 
HCl; (e, f) 50%HCl 50%HClO4; and (g, h) HClO4. The yellow squares indicate the 








Figure 3-5. Cryo-EM diameter counts with Poisson error bars for nanotubes synthesized 
using different acids. 
 
 
Figure 3-6 depicts the range of diameters of the nanotubes synthesized using 
different anions, along with the corresponding number of aluminosilicate repeat units in 
the circumference. Given the experimental nanotube diameter, the number of repeat units 
in the circumference of the nanotube can be ascertained using a previously developed 
geometrical relation [116] obtained from geometry-optimized nanotube models of 
various diameters. The use of perchlorate anions resulted in the largest diameter with 15 
repeat units in the circumference, whereas the use of chloride and acetate anions resulted 























































































































































Figure 3-6. Average external nanotube diameters measured from cryo-EM micrographs 
and the corresponding number of aluminosilicate repeat units in the circumference, for 
each type of anion used in the synthesis. The structures of the nanotubes are also shown. 
Theoretical diameters or line is obtained from geometry optimized nanotube models and 












Figure 3‐7. 29Si and 27Al MAS solid-state NMR spectra of aluminosilicate nanotubes 
synthesized from aqueous solutions of 0.05 M: (a) CH3COOH, (b) HCl, (c) 50%HCl-
50%HClO4, and (d) HClO4. Lorentzian deconvolution of peaks is depicted by dashed 
lines in the bottom set of spectra. 
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Figure 3-8. Cryo-EM micrographs of synthesis byproducts (a) boehmite byproducts in 
nanotube synthesis solutions of HCl, (b) CH3COOH synthesized nanotubes together with 







Si MAS NMR 
 




Al MAS NMR spectra (Figure 3‐7). In all cases, the 29Si NMR spectra show a sharp 
resonance at  80 ppm from silanol units (Si OH) on the internal nanotube wall in a 
well-defined Q
3
(6Al) configuration (dashed green line in Figure 3‐7a). Small amounts of 
impurities or defects are indicated by a broad resonance in the range of  70 to  110 ppm 
(dashed purple line), indicative of less well-ordered silicon environments with 0 5 next-
nearest neighbor aluminum atoms [1]. The 
27
Al NMR spectra for all the materials are also 
essentially identical. All the spectra have a main peak at 8 10 ppm that represents six-
coordinated structural units of aluminum hydroxide on the external nanotube wall 
(dashed green line in Figure 3‐7b). There is also a small contribution from a broad peak 
centered at 3 ppm with an average quadrupolar coupling constant of 3.8 MHz, suggesting 
the presence of less ordered six-coordinated aluminum environments (dashed purple  
line). A more pronounced shoulder in the 
27
Al NMR spectrum of acetic acid synthesized 
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nanotubes is probably due to the coexistence of small amount of less ordered allophones 
with aluminosilicate nanotubes (Figure 3‐8). A small amount (~1%) of tetrahedral 
aluminum (at  60 ppm) is also observed. This feature is likely due to defects in nanotube 
structure. 
    
 3.3.5 ESI Mass Spectrometry 
 
 Having shown that nanotubes of the same structure but variable diameters can be 
produced by introducing different anionic species in the synthesis, the molecular 
composition of the precursor solution is now examined. As shown in Chapter 2, via 
identification of nanotube precursors by ESI MS and structural optimization of the 
precursors with solvated DFT calculations, aluminosilicate nanotube-forming synthesis 
solutions contain precursors with intrinsic curvature; whereas solutions that do not form 
nanotubes contain only planar precursors [1]. Mass spectrometry has also proven very 
useful in investigating precursor speciation at the early stages of zeolite formation [117]. 
Here it is shown that the intrinsic curvature of the precursors depends on the type of 
anion present in the synthesis solution. The details of ESI MS data interpretation to 
identify aluminate, silicate, and aluminosilicate speciation in HClO4 containing nanotube 
synthesis solutions has been described by us recently [1]. First, all possible molecular 
formulae was determined consistent with the ESI MS spectra, up to a mass/charge ratio 
(   ) of 900, covering the nanometer and sub-nanometer size precursors of interest. Of 
the molecular formulae thus obtained, the vast majority can be eliminated as chemically 
impossible. The remaining structures are then examined in detail, leading to a final set of 
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precursor structures that can be subjected to structural optimization by solvated DFT 
calculations.   
 
       Comprehensive results of the ESI MS investigation of precursors in HCl and 
CH3COOH solutions are given in the Figures 3-9 to 3-16 and Tables 3-1 to 3-8, and data 
for HClO4 solutions is available in Chapter 2 of this thesis [1].
. 
Comparative investigation 
revealed clear differences in the interactions of the anions with the nanoscale precursors. 
Initial experiments with solutions containing only silicate precursors (and no aluminum) 
showed that perchlorate anions (ClO4
-
) did not complex silicate species. On the other 




 ligands were 
detected. Another set of experiments with solutions containing only aluminate precursors 
(and no silicon) showed that the structure of aluminate species was strongly affected by 
the ligands. In HClO4 and CH3COOH
 
solutions, the structures of all detected nanoscale 
aluminate species, both cationic and anionic, contained the motif of six-membered 





 anions complexed Al
3+
 only by ligand exchange (replacement of pendant  OH 
groups) and exclusively in monodentate coordination. In HCl solutions, complexes are 




. Such coordination complexes promoted the 
formation of brucite-like clusters (Table 3-4), which contain edge-shared Al octahedra 
and are building units of boehmite (AlOOH). This observation explains the boehmite 
byproducts observed in small amounts in HCl‐containing solutions (Figure 3-8). Details 
of the ESI MS analysis of the nanotube-forming aluminosilicate solutions are given in 
Tables 3-5 to 3-8. All solutions containing different acids displayed a limited set of sub-
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nanometer and nanometer sized precursors containing Al1Six Al14Six (  = 0 7) atoms 
and anionic ligands. The ESI MS spectra contains a number of peak series, within which 
the same precursor appears with different numbers of water molecules. The correct 
assignment of these peak series in every precursor solution also corroborates the overall 
validity and uniqueness of the precursors identified by ESI MS data analysis. Upon 
heating of these solutions, the nanoscale clusters (Al8Six Al14Six) disappeared from the 
ESI spectra in all cases. At the same time, nanoparticles of size  5 nm appear in dynamic 
light scattering spectra [33]. As discovered in previous chapter [33, 60], these events are 
key to the process of nanotube nucleation, which occurs by temperature-induced 
condensation of precursors into nanoparticle clusters followed by rearrangement into a 
nanotubular structure. Based on all the above observations, it is concluded that the 
processes driving the nucleation of the nanotubular structure remain the same in all the 
acidic solutions and that the nanotube curvature must therefore be intrinsically dictated 
by the anion-complexed nanoscale precursors themselves.  
 
 
Figure 3‐9. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M acetic acid at a pH of  3.5 after 18 h hydrolysis of 0.05 M  
Si(OC2H5)4 at 25 ˚C. 





























































































Figure 3‐10. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M hydrochloric acid at a pH of  3.5 after 18 h hydrolysis of 0.05 M  
Si(OC2H5)4 at 25 ˚C. 
 
Table 3‐1. Chemical formula of silicate species detected by ESI MS in mildly acidic 
aqueous solutions of 0.05 M acetic acid at a pH of  3.5 after 18 h hydrolysis of 0.05 M 
Si(OC2H5)4 at 25 ˚C. 
 
Chemical Formula of    Species  Peak Series (   ) 
       
[SiO(OH)(H2O)]
+
 79+18n (n=0-1) 
[Si2O3(OH)(H2O)]
+
 139+18n (n=0-2) 
[Si2O3(H2O)(CH3COO)]
+
 181+18n (n=0-2) 
[Si3O4(OH)3(H2O)]
+
 217+18n (n=0-1) 
[Si3O5(H2O)(CH3COO)]
+
 241+18n (n=0-1) 
[Si4O6(OH)3(H2O)]
+
 277+18n (n=0-2) 
[Si3O4(OC2H5)3]
+
 283+18n (n=0-2) 
[Si5O8(OH)3(H2O)]
+
 337+18n (n=0-2) 
[Si6O9(OH)5(H2O)]
+
 415+18n (n=0-2) 
[Si7O10(OH)7(H2O)]
+
 493+18n (n=0-1) 
[Si8O12(OH)7(H2O)]
+
 553+18n (n=0-1) 
       
[Si2O3(OH)3]
-
 155+18n (n=0-1) 
[Si3O5(OH)3]
-
 215+18n (n=0-2) 
[Si4O7(OH)3]
-
 275+18n (n=0-2) 
[Si5O8(OH)5]
-
 353+18n (n=0-2) 
[Si6O10(OH)5]
-
 413+18n (n=0-2) 
[Si7O11(OH)7]
-
 491+18n (n=0-2) 
[Si8O13(OH)7]
-
 551+18n (n=0-2) 
[Si9O14(OH)9]
-

































































































Table 3‐2. Chemical formula of silicate species detected by ESI MS in mildly acidic 
aqueous solutions of 0.05 M hydrochloric acid at a pH of  3.5 after 18 h hydrolysis of 
0.05 M Si(OC2H5)4 at 25 ˚C.  
 
Chemical Formula of    Species Detected  Peak Series (   ) 






 139+18n (n=0-2) 
[Si3O4(OH)3(H2O)]
+
 217+18n (n=0-1) 
[Si4O6(OH)3(H2O)]
+
 277+18n (n=0-1) 
[Si5O8(OH)3(H2O)]
+
 337+18n (n=0-2) 
[Si6O9(OH)5(H2O)]
+
 415+18n (n=0-2) 
[Si7O11(OH)5(H2O)]
+
 475+18n (n=0-2) 
[Si8O12(OH)7(H2O)]
+
 553+18n (n=0-1) 
[Si9O14(OH)7(H2O)]
+
 613+18n (n=0-1) 









 155+18n (n=0-2) 
[Si4O7(OH)3]
-
 275+18n (n=0-2) 
[Si5O8(OH)5]
-









 413+18n (n=0-2) 
[Si7O11(OH)7]
-
 491+18n (n=0-1) 
[Si8O13(OH)7]
-
 551+18n (n=0-1) 
[Si10O17(OH)7]
-



















Figure 3‐11. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M acetic acid at a pH of  3.5 after 18 h hydrolysis of 0.1 M  
Al(OC4H9)3 at 25 ˚C. 
 





































































Figure 3‐12. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M hydrochloric acid at a pH of  3.5 after 18 h hydrolysis of 0.1 M  
Al(OC4H9)3 at 25 ˚C. 
 
Table 3‐3. Chemical formula of aluminate species detected by ESI MS in mildly acidic 
aqueous solutions of 0.05 M acetic acid  at a pH of  3.5 after 18 h hydrolysis of 0.1 M  
Al(OC4H9)3 at 25 ˚C. 
 
Chemical Formula of    Species  Peak Series (   ) 
       
[Al(OH)(CH3COO)]
+
 103+18n (n=0-2) 
[Al(CH3COO)2]
+
 145+18n (n=0-3) 
[Al2(OH)3(CH3COO)2]
+
 223+18n (n=0-1) 
[Al2(OH)2(CH3COO)3]
+
   265+18n (n=0-1) 
[Al2(OH)(CH3COO)4]
+
   307+18n (n=0-2) 
[Al2(OH)(C4H9O)3(CH3COO)]
+
   349+18n (n=0-2) 
[Al4(OH)10(H2O)4(CH3COO)]
+
   409+18n (n=0-2) 
[Al9(OH)19(H2O)4(CH3COO)6]
2+
 496+9n (n=0-6) 
[Al14(OH)29(H2O)13(CH3COO)14]
3+
 565+6n (n=0-4) 
[Al15(OH)30(H2O)10(CH3COO)12]
3+
 601+6n (n=0-7) 
[Al16(OH)27(H2O)11(CH3COO)15]
3+
 649+6n (n=0-10) 
       
[Al(OH)4(H2O)]
-
   113 
[AlO(CH3COO)]
-
   161+18n (n=0-2) 
[Al2(OH)2(CH3COO)6]
2-
   221+9n (n=0-2) 
[Al2(OH)6(C4H9O)]
-
   229 
[Al(CH3COO)4]
-
   263+18n (n=0-2) 
[Al2O(OH)(CH3COO)4]
-
    323+18n (n=0-1) 
[Al2O(CH3COO)]
-
 365+18n (n=0-3) 
[Al3O2(OH)2(C4H9O)3(CH3COO)]
-
 425+18n (n=0-1) 
[Al5(OH)15(H2O)(CH3COO)]
-
 467+18n (n=0-1) 
[Al8(OH)18(H2O)3(CH3COO)8]
2-
 551+9n (n=0-2) 
[Al8(OH)19(H2O)4(CH3COO)7]
2-
 512+9n (n=0-1) 
[Al8(OH)17(H2O)3(CH3COO)9]
2-
 545+9n (n=0-3) 
[Al9(OH)19(H2O)2(CH3COO)10]
2-
 596+9n (n=0-2) 
[Al4(OH)7(H2O)2(C4H9O)(CH3COO)5]
-
 631+18n (n=0-2) 
[Al5(OH)12(H2O)5(CH3COO)4]
-
 665+18n (n=0-1) 
[Al5(OH)10(C4H9O)(CH3COO)5]
-
 673+18n (n=0-2) 
 

































































Table 3‐4. Chemical formula of aluminate species detected by ESI MS in mildly acidic 
aqueous solutions of 0.05 M hydrochloric acid at a pH of  3.5 after 18 h hydrolysis of 
0.1 M Al(OC4H9)3 at 25 ˚C. 
 
Chemical Formula of    Species  Peak Series (   ) 
       
[Al(OH)2]
+
 61+18n (n=0-6) 
[Al2(OH)5]
+
 139+18n (n=0-4) 
[Al3O(OH)6(H2O)]
+
 217+18n (n=0-5) 
[Al10O8(OH)10Cl2]
2+
 319+9n (n=0-14) 
[Al10O8(OH)9(H2O)12Cl3]
2+
 437+9n (n=0-3) 
[Al5O3(OH)5(H2O)4Cl3]
+
 447+18n (n=0-3) 
[Al7O5(OH)10(H2O)]
+
 457+18n (n=0-6) 
[Al14O13(OH)13(H2O)7Cl]
+
 484+18n (n=0-5) 
[Al7O5(OH)7Cl3]
+
 495+18n (n=0-4) 
       
[Al(OH)Cl3]
-
 151+18n (n=0-1) 
[Al(OH)2Cl2]
-
 131+18n (n=0-2) 
[Al2O2Cl3]
-
 191+18n (n=0-4) 
[Al3O3(OH)(H2O)2Cl3]
-
 289+18n (n=0-3) 
[Al4O2(OH)6(H2O)Cl3]
-
 367+18n (n=0-3) 
[Al5O3(OH)5Cl5]
-
 445+18n (n=0-2) 
[Al14O15(OH)11(H2O)5Cl3]
2-




Figure 3‐13. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M acetic acid at a pH of  3.5 after 18 h hydrolysis of 0.1 M  
Al(OC4H9)3 and 0.05 M  Si(OC2H5)4 at 25 ˚C.  
 

























































Figure 3‐14. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M acetic acid at a pH of  2.2 after 3 h heating of hydrolyzed 0.1 M 
Al(OC4H9)3 and 0.05 M Si(OC2H5)4 at 95 ˚C.  
 
 
Table 3‐5. Chemical formula of aluminosilicate species detected by ESI MS in mildly 
acidic aqueous solutions of 0.05 M acetic acid at a pH of  3.5 after 18 h hydrolysis of 
0.1 M Al(OC4H9)3 and 0.05 M Si(OC2H5)4 at 25 ˚C.  
 
Chemical Formula of      Species  Peak Series (   ) 
       
[Al(OH)2]
+
 61+18n (n=0-2) 
[Al(OH)(CH3COO)]
+
 103+18n (n=0-2) 
[Al2(OH)5]
+
   111+18n (n=0-1) 
[Si2O2(H2O)(C2H5O)(CH3COO)]
2+
 96+9n (n=0-2) 
[Al3O(OH)3(H2O)5]
2+
 136+9n (n=0-2) 
[Al(CH3COO)2]
+
 145+18n (n=0-3) 
[Al2SiO(OH)2(H2O)2(C2H5O)(CH3COO)3]
2+
 195+14n (n=0-2) 
[Al2(OH)2(CH3COO)3]
+
   365+18n (n=0-2) 
[Al6SiO3(OH)13(H2O)3(CH3COO)]
2+
 286+9n (n=0-5) 
[Al5SiO3(OH)7(CH3COO)4]
2+
 283+9n (n=0-3) 
[Al7SiO3(OH)15(H2O)(CH3COO)2]
2+
 328+9n (n=0-4) 
[Al2(OH)(CH3COO)4]
+
 307+18n (n=0-3) 
[Al6SiO3(OH)11(H2O)3(C2H5O)(CH3COO)2]
2+
 321+9n (n=0-5) 
[Al6Si2O5(OH)13(H2O)3(C2H5O)]
2+
 309+9n (n=0-4) 
[Al10Si2O6(OH)19(H2O)2(CH3COO)4]
3+
 339+6n (n=0-9) 
[Al7Si2O5(OH)17(H2O)4]
2+
 343+14n (n=0-4) 
[Al13O4(OH)23(H2O)0(CH3COO)5]
3+
 367+6n (n=0-3) 
[Al10SiO3(OH)18(H2O)(CH3COO)8]
2+
 571+9n (n=0-5) 
[Al8SiO3(OH)16(H2O)(CH3COO)4]
2+
 409+9n (n=0-5) 
[Al8SiO3(OH)14(H2O)4(CH3COO)6]
2+
 478+9n (n=0-4) 
[Al10Si2O6(OH)20(H2O)(CH3COO)4]
2+
 508+9n (n=0-3) 
[Al10Si2O6(OH)19(H2O)3(CH3COO)5]
2+
 547+9n (n=0-4) 
[Al6SiO3(OH)14(H2O)2(C2H5O)]
+
 557+18n (n=0-2) 
[Al6SiO3(OH)13(H2O)3(CH3COO)2]
+
 631+18n (n=0-4) 
[Al6SiO3(OH)12(H2O)3(CH3COO)3]
+
 673+18n (n=0-2) 
       
[Si2O4(OH)]
-
 137+18n (n=0-2) 
  


















































Table 3‐5 (continued). 
[AlO(CH3COO)]
-
   161+18n (n=0-2) 
[Al2SiO(OH)8(H2O)(C2H5O)2]
2-
 171+14n (n=0-1) 
[Al2(OH)5(C4H9O)2(CH3COO)]
2-
 172+9n (n=0-1) 
[Al2SiO4(OH)5(C2H5O)2]
2-
 174+9n (n=0-1) 
[Al2SiO(OH)7(H2O)(OC2H5)(CH3COO)2]
2-
 199+9n (n=0-1) 
[Si3O5(OH)3]
-
 215+18n (n=0-1) 
[Al3SiO3(OH)6(H2O)(C2H5O)(CH3COO)2]
2-
 220+9n (n=0-1) 
[Al2(OH)2(CH3COO)6]
2-
   221+9n (n=0-2) 
[Al(CH3COO)4]
-
   263+18n (n=0-2) 
[Al4Si2O5(OH)11(H2O)2(OC2H5)]
2-
 256+9n (n=0-2) 
[Si4O7(OH)3]
-
 275+18n (n=0-2) 
[Al2O(OH)(CH3COO)4]
-
 323+18n (n=0-1) 
[Si5O8(OH)5]
-
 353+18n (n=0-1) 
[Al2O(CH3COO)]
-
 365+18n (n=0-3) 
[Al3SiO4(OH)4(H2O)3(C2H5O)2(CH3COO)]
2-
 222+9n (n=0-2) 
[Al6SiO3(OH)15(H2O)2(C2H5O)(CH3COO)2]
2-
 346+9n (n=0-2) 
[Al6SiO3(OH)11(C2H5O)(CH3COO)6]
2-
 412+9n (n=0-2) 
[Al9Si3O9(OH)14(H2O)4(C2H5O)3(CH3COO)7]
3-
 443+6n (n=0-3) 
[Al4SiO3(OH)9(H2O)6(CH3COO)2]
-
 437+18n (n=0-2) 
[Al8(OH)19(H2O)(CH3COO)7]
2-
 485+9n (n=0-3) 
[Al8(OH)18(H2O)3(CH3COO)8]
2-
 524+9n (n=0-2) 
[Al9(OH)19(H2O)3(CH3COO)10]
2-
 605+9n (n=0-2) 
[Al5(OH)12(H2O)5(CH3COO)4]
-
 665+18n (n=0-2) 
[Al5SiO3(OH)10(H2O)2(C2H5O)(CH3COO)3]
-
 633+18n (n=0-4) 
[Al7(OH)19(H2O)(CH3COO)3]
-
 707+18n (n=0-2) 
[Al6SiO3(OH)13(H2O)3(C2H5O)(CH3COO)3]
-
 735+18n (n=0-2) 
[Al8SiO3(OH)20(C2H5O)(CH3COO)2]
-
 795+18n (n=0-3) 
 
Table 3‐6. Chemical formula of aluminosilicate species detected by ESI MS in mildly 
acidic aqueous solutions of 0.05 M acetic acid at a pH of  2.2 after 3 h heating of 
hydrolyzed 0.1 M Al(OC4H9)3 and 0.05 M Si(OC2H5)4 at 95 ˚C.  
 
Chemical Formula of      Species  Peak Series (   ) 
       
[Al(OH)2]
+
 61+18n (n=0-2) 
[Al(CH3COO)2]
+
 145+18n (n=0-3) 
[Al(OH)(CH3COO)]
+
 103+18n (n=0-2) 
[Al2SiO(OH)2(H2O)2(C2H5O)(CH3COO)3]
2+
 195+14n (n=0-2) 
[Al2(OH)(CH3COO)4]
+
 307+18n (n=0-3) 
[Al2O(CH3COO)3]
+
   247+18n (n=0-1) 
       
[Si4O7(OH)3]
-
 275+18n (n=0-2) 
[AlO(CH3COO)]
-
   161+18n (n=0-2) 
[Si2O4(OH)]
-
 137+18n (n=0-2) 
[Si3O5(OH)3]
-
 215+18n (n=0-2) 
[Al2(OH)2(CH3COO)6]
2-
   221+9n (n=0-2) 
[Al(CH3COO)4]
-
   263+18n (n=0-2) 
[Al3SiO3(OH)6(C2H5O)(CH3COO)2]
2-
 211+9n (n=0-2) 
[Al2(OH)5(C4H9O)2(CH3COO)]
2-
 172+9n (n=0-1) 
[Al2SiO4(OH)5(C2H5O)2]
2-
 174+9n (n=0-1) 
[Al2SiO(OH)8(H2O)(C2H5O)2]
2-
 171+14n (n=0-1) 
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Table 3‐6 (continued). 
[Al2SiO2(OH)7(H2O)(CH3COO)]
2-
 155+14n (n=0-3) 
[Al4SiO4(OH)8(H2O)(C2H5O)2]
2-




Figure 3‐15. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M hydrochloric acid at a pH of  3.3 after 18 h hydrolysis of 0.1 M 




Figure 3‐16. Cationic (a) and anionic (b) ESI mass spectrum of mildly acidic aqueous 
solutions of 0.05 M hydrochloric acid at a pH of  2.0 after 3 h heating of hydrolyzed 0.1 
M Al(OC4H9)3 and 0.05 M Si(OC2H5)4 at 95 ˚C.  
 
 



























































































































Table 3‐7. Chemical formula of aluminosilicate species detected by ESI MS in mildly 
acidic aqueous solutions of 0.05 M hydrochloric acid at a pH of  3.3 after 18 h 
hydrolysis of 0.1 M Al(OC4H9)3 and 0.05 M Si(OC2H5)4  at 25 ˚C.  
 
Chemical Formula of      Species  Peak Series (   ) 
       
[Al(OH)2]
+
 61+18n (n=0-3) 
[Al2(OH)5]
+
 139+18n (n=0-3) 
[AlSiO(H2O)3Cl3]
2+
 126+9n (n=0-3) 
[Al6SiO3(OH)11Cl2]
3+
 165+6n (n=0-7) 
[Al3SiO(OH)6Cl3]
2+
 167+9n (n=0-6) 
[Si3O4(OH)3(H2O)]
+
 217+18n (n=0-2) 
[Al2(OH)2(H2O)2Cl3]
+
 231+18n (n=0-2) 
[Al3O(OH)3Cl2]
2+
 109+18n (n=0-1) 
[Al2SiO(OH)3Cl3]
2+
 128+9n (n=0-3) 
[Al7SiO3(OH)13(H2O)2Cl3]
3+
 209+6n (n=0-3) 
[Al8Si2O6(OH)15Cl2]
3+
 231+6n (n=0-5) 
[Al5SiO3(OH)7Cl4]
2+
 236+9n (n=0-7) 
[Al9Si2O6(OH)17Cl3]
3+
 263+6n (n=0-3) 
[Si4O6(OH)3(H2O)]
+
 277+18n (n=0-2) 
[Al2O(H2O)3Cl3]
+
 231+18n (n=0-4) 
[Al3O(OH)3Cl3]
+
 255+18n (n=0-3) 
[Al12Si2O12(OH)15(H2O)3Cl2]
3+
 317+6n (n=0-5) 
[Al13O4(OH)25(H2O)2Cl3]
3+
 327+6n (n=0-5) 
[Al8SiO3(OH)15(H2O)6Cl5]
2+
 407+9n (n=0-2) 
       
[Al(OH)2Cl2]
-
 131+18n (n=0-2) 
[Al(OH)Cl3]
-
 151+18n (n=0-1) 
[Si2O3(OH)3]
-
 155+18n (n=0-1) 
[Al2O2Cl3]
-
 191+18n (n=0-4) 
[Al2SiO2(OH)5Cl2]
-
 269+18n (n=0-2) 
[Al2SiO2(OH)4Cl3]
-
 289+18n (n=0-2) 
[Al3SiO3(OH)6Cl2]
-
 329+18n (n=0-1) 
[Al3SiO3(OH)5Cl3]
-
 349+18n (n=0-2) 
[Al4SiO4(OH)8Cl]
-
 371+18n (n=0-2) 
[Al4SiO4(OH)6Cl3]
-
 409+18n (n=0-2) 
[Al5SiO4(OH)12]
-
 431+18n (n=0-2) 
[Al6O6(OH)4(H2O)Cl3]
- 
  451+18n (n=0-2) 
[Al14O15(OH)11(H2O)5Cl3]
2-
 501+18n (n=0-3) 
 
Table 3‐8. Chemical formula of aluminosilicate species detected by ESI MS in mildly 
acidic aqueous solutions of 0.05 M hydrochloric acid at a pH of  2.0 after 3 h heating of 
hydrolyzed 0.1 M Al(OC4H9)3 and 0.05 M Si(OC2H5)4 at 95 ˚C. 
 
Chemical Formula of      Species   Peak Series (   ) 
       
[Al(OH)2]
+
 61+18n (n=0-6) 
[Al2(OH)5]
+
 139+18n (n=0-4) 
[Si3O4(OH)3(H2O)]
+
 217+18n (n=0-2) 
[Al10O8(OH)10(H2O)10Cl2]
2+
 409+9n (n=0-4) 
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Table 3‐8 (continued). 
[Al3SiO2(OH)8]
+
 277+18n (n=0-2) 
[Al3O(OH)3Cl3]
+
 295+18n (n=0-3) 
[Si5O8(OH)3(H2O)]
+
 255+18n (n=0-3) 
[Al6SiO3(OH)11(H2O)4Cl2]
3+
 189+6n (n=0-3) 
[Al7SiO3(OH)13(H2O)Cl3]
3+
 203+6n (n=0-4) 
       
[Al(OH)2Cl2]
-
 131+18n (n=0-2) 
[Si2O3(OH)3]
-
 155+18n (n=0-1) 
[Al2O2Cl3]
-
 191+18n (n=0-1) 
[Al3O(OH)8]
-
 233+18n (n=0-4) 
[Al2SiO2(OH)4Cl3]
-
 289+18n (n=0-2) 
[Al3SiO3(OH)6Cl2]
-
 329+18n (n=0-1) 
[Al4SiO4(OH)8Cl]
-
 371+18n (n=0-2) 
[Al5SiO4(OH)12]
-
 431+18n (n=0-2) 
[Al(OH)Cl3]
-
 151+18n (n=0-1) 
[Al2O2(H2O)2Cl3]
-
 229+18n (n=0-2) 
 
 3.3.6 Solvated Density Functional Theory Calculations 
 
 Solvated density-functional theory (DFT) calculations were performed on a set of 
structurally similar aluminosilicate nano-intermediate species detected in acidic solutions 







). These precursors form a fully representative set of 
key nanoscale intermediates involved in the formation of single-walled aluminosilicate 
nanotube materials. All the nanoscale precursors examined were found to exhibit intrinsic 
curvature. To accurately estimate the curvature, a cylindrical radius was fitted by least-
squares to the Cartesian coordinates of Al atoms in the DFT-optimized nanoscale 
intermediates. Figures 3-18 to 3-20 show detailed results of DFT optimization and 
curvature estimation of several precursors
 
detected in the nanotube synthesis solutions 
containing each of the three different acids. Although the curvature forms due to the bond 
length differences of the Al-O and Si-O bonds (0.19 nm and 0.16 nm respectively), it is 
clear that it can be controlled precisely by the complexation of anions to the precursors. 
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The effect of anion complexation on precursor curvature is further investigated by 
performing DFT optimizations after replacing the complexed anions by hydroxyl groups 








structures. The coordination of CH3COO
- 
ions to the hydroxylated precursor 
[Al10Si2O6(OH)24(H2O)4]
2+





 (the radius R changes from 0.73 nm to 0.70 nm), whereas Cl
-
 complexation to the 
hydroxylated  precursor [Al9Si2O6(OH)20(H2O)3]
2+
  significantly decreases the curvature 
from 0.71 nm
-1
 to 0.66 nm
-1
 (R changes from 1.4 nm to 1.5 nm). However, the largest 
effect is seen upon ClO4
-
 coordination, which decreases the curvature of the hydroxylated 
precursor [Al10SiO3(OH)26(H2O)4]
2+
 from 0.71 nm
-1
 to 0.44  nm
-1
 (R changes from 1.4 
nm to 2.3 nm). Figure 3‐17 compares the curvatures calculated for twelve representative 
nanoscale precursors. For clarity, the precursor structures are arranged around the 
horizontal dashed lines corresponding to the nanotube diameters as determined by cryo-
EM. The curvatures of the precursors are clustered in different ranges, depending upon 
the type of anion complexing the precursors. Furthermore, there is a clear correlation 
between the clustered precursor curvatures and the diameters of the nanotubes obtained. 
The precursor curvatures follow the trend of HClO4<HCl<CH3COOH, and the nanotube 
diameters correspondingly follow the inverse trend.  
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Figure 3-17. Structures and curvatures of DFT-optimized nanoscale intermediates 




Figure 3-18. MATLAB plots on the left demonstrate the least-squares fitting of cylindrical 
radii to     Cartesian aluminum atom coordinates of DFT optimized aluminosilicate 


















































R = ~2.3  0.1 nm























R = 2.9  0.1 nm
κ = 1/R = 0.34 nm-1
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M HClO4 by ESI MS    and thus calculated molecular curvature ( ). Top and side 
view of the molecule is shown on the right side and inherent curvature of the molecule is 
indicated with a dotted line. Atom colors representing green: aluminum, yellow: chloride, 
blue: silicon, white: hydrogen, red: oxygen respectively. 
 
Figure 3-18 continued.  
 
 
Figure 3-19. MATLAB plots on the left demonstrate the least-squares fitting of cylindrical 
radii to     Cartesian aluminum atom coordinates of DFT optimized aluminosilicate 
precursors detected in mildly acidic aluminosilicate nanotube synthesis solutions of 0.05 
M CH3COOH by ESI-MS    and thus calculated molecular curvature ( ). Top and side 
view of the molecule is shown on the right side and inherent curvature of the molecule is 
indicated with a dotted line. Atom colors representing green: aluminum, gray: carbon, 
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R = 1.4  0.05 nm
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Figure 3-20. MATLAB plots on the left demonstrate the least-squares fitting of cylindrical 
radii to     Cartesian aluminum atom coordinates of DFT optimized aluminosilicate 
precursors detected in mildly acidic aluminosilicate nanotube synthesis solutions of 0.05 
M HCl by ESI MS( ) and thus calculated molecular curvature ( ). Top and side view 
of the molecule is shown on the right side and inherent curvature of the molecule is 
indicated with a dotted line. Atom colors representing green: aluminum, yellow: chloride, 











































R = 1.9  0.2 nm
κ = 1/R = 0.5 nm-1
R =  1.1  0.2 nm






































































R =  1.0  0 nm
κ = 1/R = 1.0 nm-1
[Al8Si2O6(OH)15(H2O)5Cl2]
3+
R = 1.5  0  nm







































R =  1.0  0 nm
κ = 1/R = 1.0 nm-1
[Al8Si2O6(OH)15(H2O)5Cl2]
3+
R = 1.5  0  n







Figure 3-21. MATLAB plot on the left demonstrates the least-squares fitting of a 
cylindrical radius to     Cartesian aluminum atom coordinates of DFT optimized 
aluminosilicate precursor and calculated molecular curvature ( ). Top and side view of 
the molecule is shown on the right side and inherent curvature of the molecule is 
indicated with a dotted line. Atom colors representing green: aluminum, yellow: chloride, 




The findings presented in this thesis provide clear evidence of the remarkable role 
of ligand complexation in altering the curvature of nanotube-forming metal oxide 
precursors that otherwise possess essentially similar topology in terms of the arrangement 
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R = 1.4  0 nm
κ = 1/R = 0.71 nm-1
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combination of nanotube synthesis variations, cryo-EM, ESI-MS, NMR, XRD, and DFT 
methods to reveal and control the relationships between precursor geometry and resulting 
nanotube geometry. The present findings provide a rational and quantitative framework 
for Ångstrom-scale shaping and structuring of nanoscopic metal oxide objects in solution 
for a variety of possible applications, by creating precursors of well-defined and 




























FORMATION OF ALUMINOGERMANATE NANOTUBES AND 





 In the last two decades, nanotubes have been a core focus of nanomaterials 
science and technology, owing to the remarkable surface and structural properties 
associated with their low dimensionality [3, 4, 11, 12]. Low-temperature synthesis 
procedures are sought that allow fine control over chemical composition, size, shape, and 
uniformity to make widespread technological use of nanotube materials. Single-walled 
metal-oxide nanotubes, namely aluminosilicate (AlSiOH) [1, 37] and aluminogermanate 
(AlGeOH) nanotubes [38, 60, 118], can be efficiently synthesized [105] from aqueous 
phase at low-temperatures (95 ˚C) within a short period of few days [37]. Consequently, 
they are emerging as candidates for a variety of applications including catalysis [40], 
molecular transport [101, 104], storage [55] and separation [56, 101].  
 
 As described in detail in previous chapters, AlSiOH nanotubes are made up of a 
curved gibbsite [Al(OH)3] sheet with inner silicate [O3SiOH] groups located on each 
vacant sites of the continuous gibbsite wall [30]. An external diameter of 2.0 2.8 nm, an 
inner diameter of 0.9 1 nm, and lengths ranging from several hundered nanometers to a 
few micrometers have been reported for AlSiOH nanotubes [2, 30, 36, 119]. [O3SiOH] 
groups can be completely replaced by [O3GeOH] tetrahedra yielding their AlGeOH 
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analogues [36], which have larger diameter of 3.3 nm and much shorter average lengths 
(~20 nm) [38, 60]. Figure 4-1 summarizes the key structural and physical differences 
between AlSiOH and AlGeOH nanotubes.  
 
  
Figure 4‐1. A) Aluminum-tri-sec-butoxide [Al(OC4H9)3] and tetraethyl orthosilicate 
[Si(OC2H5)4] are precursors used to synthesize AlSiOH nanotubes [1]. B) Complete 
replacement of the [Si(OC2H5)4] source with germanium ethoxide [Ge(OC2H5)4] results 
in AlGeOH nanotubes which are larger in diameter but smaller in length. TEM images of 
final nanotubes showing the differences in length between AlSiOH and AlGeOH 
nanotubes.  How this similar reaction conditions cause structural changes in nanotubes is 
still not clear. Mechanistic understanding of this difference would lead to achieving 
control over nanotube dimensions. 
 
 
 More widespread use of single-walled metal-oxide nanotubes is possible through 
the development of synthesis procedures that provide guidelines for achieving desired 
pore dimensions as well as lengths. Such tailoring of nanotube features for specific 
applications are challenged by the lack of knowledge of the formation and growth 
mechanisms. Significant progress has been made in recent years that provided insights 




























nanotubes in aqueous phase. It is now known that nanotube-like curved 
nanointermediates, having the same nanotube composition, exist very early in synthesis 
solutions at 25 ˚C [1, 38]. Upon heating to 95 ˚C, nanointermediate precursors condense 
and rearrange into short nanotubes [1, 33, 60]. The curvature of the precursors defines the 
final pore size of the nanotube [2]. Infact, recently, diameter control of AlSiOH 
nanotubes was achieved through the modifications of precursor curvature due to 
complexation with solution anions without any necessary modifications to chemical 
compositions [2]. This finding also explained the differences in reported diameters 
(2.0 2.8 nm) of AlSiOH nanotubes. Growth mechanism of the nanotubes is still not 
known. They grow either by proposed edge-edge aggregation [38] or nutrient addition 
[66] mechanism.  
 
 This Chapter has two objectives. The first is to investigate of AlGeOH nanotube 
formation through time-resolved NMR and ESI MS analysis of AlGeOH synthesis 
solutions. A similar study was previously reported by us for AlSiOH nanotubes [1], as 
described in Chapter 2. Secondly, similarities and differences detected between AlSiOH 
and AlGeOH nanotube formation are discussed by comparing the results of the present 
study with those pertaining to aluminosilicate nanotube formation [1]. The presented 
work in this Chapter is a first attempt to explain the structural and physical differences 
observed between AlSiOH and AlGeOH nanotubes, and to gain understanding of the 
factors affecting the shortening of AlGeOH nanotube lengths. To the best of our 
knowledge, no previous attempts have been made to explain these differences. Here some 
examples of nanotube length control is also provided. 
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4.2 Experimental Details 
 
 4.2.1 Aluminogermanate Nanotube Synthesis  
 
 Synthesis details of AlSiOH nanotubes are given in Chapter 2 and elsewhere [1]. 
For synthesis of AlGeOH nanotubes, 0.05 M germanium ethoxide (TEOG) is mixed with 
0.1 M Al sec-butoxide in a glove box under nitrogen gas. This mixture is then introduced 
into acidic solution of 0.05 M HClO4. The obtained solution is kept under vigourous 
strirring for 18 h at 25 ˚C ("Aging Stage"). The solution is then diluted to 0.02 M Al to 
slow down the condensation kinetics and subsequently temperature is increased to 95 ˚C. 
The reaction lasts for 4 days (96 h). Experiments are performed in liquid phase and the 
samples were directly taken from the reactors without any further modification directly 
used in ESI MS and NMR experiments at various stages of the synthesis. 
 
 4.2.2 TEM, NMR, and DFT Calculations  
 
A JEOL JEM-1400 transmission electron microscope (TEM) that is operating at 
120kV was used to characterize nanotube lengths. Samples were screened with an Orius 
SC1000 CCD and an UltraScan1000 CCD camera. Details of the 
27
Al  liquid-state NMR 
measurements and Density Functional Theory calculations are described in Chapter 2. 
 
 4.2.3 ESI Mass Spectrometry 
 
 All mass spectrometric measurements were acquired utilizing electrospray 
ionization with a Q-TOF mass spectrometer (Bruker micrOTOF-QII; Bremen, Germany). 
Optimal settings were determined in advance with representative silicate and germanate 
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samples. Capillary voltages of  3.0 kV and  3.5 kV were used for positive-ion and 
negative-ion modes, respectively. The endplate offset was  500 V for both acquisition 
modes. Nitrogen was employed as the drying gas at a flow rate of 4 L min
-1
 and 
nebulizing gas at a pressure of 2.0 bar. The drying gas temperatures were 150 ˚C and 250 
˚C for positive-ion and negative-ion modes, respectively. Spectra were acquired at 1.0 Hz 
in the     35 – 1000 for positive-ion and     35 – 1500 range for negative-ion mode. 
The instrument was mass calibrated before conducting experiments using a solution of 
sodium formate. Mass spectral data processing, signal averaging, and background 
subtraction were performed using DataAnalysis 4.0, the built-in mass spectrometer 
software. 
 





Al Liquid-State NMR Spectroscopy 
 
27
Al NMR spectra of aluminogermanate nanotube synthesis solutions at different 
reaction times during aging (25 ˚C) and heating stages (95 ˚C) are shown in Figure 4-2. 
Three chemical environments of Al were identified after performing spectrum 
deconvolution with Lorentzian peak shapes.  As seen in Figure 4-2, spectra displays a 
sharp peak at 0 ppm originating from octahedrally coordinated Al1 monomers [63]. Two 
other components were also observed: a broad peak near 8 ppm, and, a relatively sharp 
peak again at 8 ppm. Both signals are due to Al configurations exist in pure nanotube 
structure or possibly nanotube-like less organized structure (such as precursors, defects, 
or end groups). Thus, the broad signal near 8 ppm, observed at aging and heating stages 
of synthesis, could originate from Al in less-ordered areas of nanotube-like precursors 
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that are evolving and rearranging into nanotubes. The broad peak could also overlapping 
resonances due to small units such as aluminate [63] or aluminogermanate dimers, and/or 
trimers. Rather sharper signal at 8 ppm represents more-ordered Al environments in 
nanotubes and/or nanotube building units. It should be noted that "more-ordered" Al 
environments do not necessarily mean a long range order in the detected structure due to 
the reason that linewidth of 
27
Al NMR resonances are more sensitive to order in first 
coordination sphere of an aluminum atom [120, 121]. No tetrahedrally coordinated 
aluminum present in synthesis solutions of aluminogermanate nanotubes. The absence of 







Al liquid NMR spectra of aluminogermanate nanotube synthesis solutions 
at various reaction times: (a) 2
nd
 h aging at 25˚C, (b) 18
th
 h aging at 25˚C, (c) 1
st 
h heating 
at 95˚C, and (d) 96
th
 h heating at 95˚C. Deconvoluted peaks are plotted simultaneously.   
 
 
The evolution of each 
27
Al NMR signal was tracked in terms of its chemical shift, 
linewidth, and area% throughout the AlGeOH nanotube synthesis procedure as shown in 
Figure 4-3. As clearly seen from Figure 4-2, at all stages of nanotube formation and 
growth, species represented by 0 ppm peak is observed. During the aging stages at 25 ˚C, 
the monomeric species represented by this peak is consumed in favor of forming 
AlGeOH nanotube precursors and/or small aluminogermanate species like dimers or 
(b)(a) (d)(c)
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trimers (Figure 4-3a). Equilibrium is reached, within as quickly as 2 h, between species 
represented by the peaks near 8 ppm and the monomeric units (Figure 4-3a, c, and e). 
After 2 h aging at 25 ˚C, no further structural rearrangement around Al atoms (Figure 4-
3e) takes place in the synthesis solutions and no further increases in the amount of 
AlGeOH precursors were detected (Figure 4-3a); indicating that the reaction between Al- 





Figure 4-3. Changes in 
27
Al liquid NMR areas% (a and b), FWHMs (c and d), and 
chemical shifts (d and e) of three octahedrally coordinated Al environment (represented 
by relatively sharper 8 ppm peak, broader 8 ppm peak, and 0 ppm peak) observed in 
spectra of AlGeOH nanotube synthesis solutions as a function of 18 h aging at 25 ˚C (a, 
c, and e) and 96 h heating at 95 ˚C (b, d, and f). 
 
 
After 18 h aging at 25 ˚C, the synthesis solution is heated to 95 ˚C. Based on 
studies of the AlSiOH nanotube system, it is known that the precursors condense and 
rearrange upon heating to form nanotubes [1, 60]. Changes in the area %, linewidth, and 
chemical shift of 
27




















shown in Figure 4-3. The area% of the Al signal belonging to ordered nanotube-like 
configurations stays nearly constant throughout the heating (see the behavior of relatively 
sharp 8 ppm peak in Figure 4-3b). However, the area% of monomeric species (Figure 4-
3b) increases up until 24 h of heating, whereas the area% of the broader 8 ppm signal 
continuously decreases. The overall decrease in the amount of species represented by the 
broad 8 ppm peak could be associated with the rearrangement of precursors and also with 
dissolution of dimeric or trimeric aluminogermanate species to monomeric species.  A 
decrease in the full width at half maximum (FWHM) of each of the three peaks is 
observed within the first 24 h (Figure 4-3d). As discussed before, this suggests a more 
symmetrical/ordered rearrangement of atoms in the first coordination sphere around 
aluminum [122]. The most dramatic decrease in FWHM (from 12 to 3 ppm) is observed 
for the ~8 ppm peak. This is also accompanied by a change in its chemical shift (Figure 
4-3f) that is attributed to the rearrangement of precursors into an ordered configuration 
approaching the final nanotube structure. The relatively sharper peak, in the meanwhile, 
has experienced only a 2 ppm decrease in FWHM. Slight changes in chemical shift 
(Figure 4-3f) and FWHM of the sharper 8 ppm peak are expected, due to a increase in 
structural strain in the first coordination shell around Al when the precursors rearrange 
into nanotubes. The slight decrease in FWHM of the monomer signal is due to the 
equilibrium shift between aluminate monomers [1]. This is likely also be the reason for 
the observed increase in the 0 ppm signal, because of a more symmetric environment 




4.3.2 ESI Mass Spectrometry 
 
To determine the interaction between aluminum and germanium species and to 
study the speciation and structural characterization of aluminogermanate hydrolysis 
products, nanotube synthesis solutions were analyzed by high-resolution ESI-MS up to a 
mass/charge (   ) ratio of 1500. The positive and negative ESI-MS mass spectra of 











 h) are given in Figures 4-4 and 4-5.  The resulting ESI-MS spectra were 
characterized by wide distribution of aluminate and aluminogermanate species ranging 
from approximately     200 to 1000. Molecular formulae of identified species are listed 
in Tables 4-1 to 4-5.  
 











Ge (7.8%)] [123]. Thus, the spectra were crowded 
by germanium-containing isotope clusters. The isotopic patterns of germanium allowed 
determination of the number of germanium atoms in species [123, 124]. To ensure the 
accuracy of interpreted molecular formula, recorded spectra was compared to calculated 
isotopic pattern and the mass tolerance was set to 0.05 Da. Further details of data analysis 
can be found in Chapter 2 and Ref. [1]. 
 
Hydrolysis products observed at aging stages of nanotube synthesis solutions are 
listed in Tables 4-1 and 4-2. The aluminogermanate species comprises of various 
amounts of Al and Ge ranging from containing a single Al atom (AlGex) up to ten Al 
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(Al10Gex) ( =0 4). A variety of ligands are complexed with aluminogermanate species 




Figure 4-4. ESI MS    spectra of AlGeOH nanotube synthesis solutions after (a) 1 h 








Figure 4-5. ESI MS     spectra of AlGeOH nanotube synthesis solutions after (a) 1 h 




Table 4-1. Molecular formula of aluminogermanate species detected by high-resolution 
ESI MS in AlGeOH nanotube synthesis solutions after 1 h aging at 25 ˚C. 
 
    (observed)     (exact) Molecular Formula 














































































































































































































































Table 4-2. Molecular formula of aluminogermanate species detected by high-resolution 
ESI MS in AlGeOH nanotube synthesis solutions after 18 h aging at 25 ˚C. 
 
    (observed)     (exact) Molecular Formula 
































































































































































































Table 4-3. Molecular formula of aluminogermanate species detected by high-resolution 
ESI MS in AlGeOH nanotube synthesis solutions after 3 h heating at 95 ˚C 
  
    (observed)     (exact) Molecular Formula 

































































































































































    
Table 4-4. Molecular formula of aluminogermanate species detected by high-resolution 
ESI MS in AlGeOH nanotube synthesis solutions after 24 h heating at 95 ˚C. 
 
    (observed)     (exact) Molecular Formula 
















































































































Table 4-5. Molecular formula of aluminogermanate species detected by ESI MS in 
AlGeOH nanotube synthesis solutions after 96 h heating at 95 ˚C 
 
    (observed)     (exact) Molecular Formula 


































































































The first mass spectrum was collected one hour after adding the aluminum and 
germanium sources into the synthesis solution. Hydrolysis reactions of Al sec-butoxide 
and TEOG already have taken place at this early stage. For the next 18 h of aging at 25 
˚C, no change is observed in the type of species identified and new formations were not 
detected. However, time-resolved NMR analysis of prenucleating nanotube solutions 
(Figure 4-3a, c, and e) indicated structural changes and possible rearrangements occur up 
until the 2
nd
 h after initial mixing of the reactants. Thus, these changes can be interpreted 
as an established equilibrium between small, medium, and large aluminogermanate 




 h aging) 
can be explained with same structural units correspond to nanotube-like solid-state 
configurations. Representative molecular structure of identified aluminogermanate 

















Figure 4-6. 2D ChemDraw illustrations of representative AlGeOH structures identified 
during aging in nanotube synthesis solutions. 
 
Analysis of prenucleating solutions by ESI MS yield insights into the hydrolysis 
and condensation behavior of germinate and aluminate species. Such understanding is 
crucial since polymerization/depolymerization reactions of germanate species are 
believed to play a major role in the shortening of aluminogermanate nanotube lengths 
[105, 107].  However, in this study, pure germanate species were not detected, either in 





  were 
detected after hydrolysis reactions took place not only during the aging process but also 
throughout reaction. This indicates that, due to differences in hydrolysis and 
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condensation rates of Al sec-butoxide and TEOG sources, aluminate and 
aluminogermanate species (but not germanate species) were able to form in nanotube 
reaction solutions. As soon as the hydrolysis reaction of TEOG occurs, the released Ge
4+
 
ions are stabilized by reacting with Al, thereby inhibiting germanate condensation.   
 






detected in AlGeOH nanotube synthesis solutions (Table 4-3). Figure 4-7 depicts the 
molecular structure of [Al15Ge4O12(OH)30(ClO4)5(H2O)13]
2+
 species. However, with 




 h) at 95 ˚C (Table 4-4 and 4-5), species of higher 
masses occur upon further condensation and rearrangement, and are undetectable 
to ESI MS. Overall, aluminogermanate species larger than Al5Gex disappear in synthesis 
solutions following the temperature increase, suggesting they are the precursors to 
nanotubes. Similar behavior was also observed for nucleating aluminosilicate nanotube 
solutions previously [1]. 
 
4.3.3 Solvated Density Functional Theory Calculations  
 
Geometry optimization calculations by solvated DFT were performed on a set of 
AlGeOH species detected in nanotube synthesis solutions (Figure 4-8). All nanoscale 
precursors are found to exhibit intrinsic curvature. In order to quantify the curvature ( ), 
a cylindrical radius was fitted by least-squares to the Cartesian coordinates of at least 
three Al atoms (or O atoms) along the curvature in the DFT-optimized nanoscale 
intermediates. DFT studies showed AlGeOH precursors intrinsically have larger 
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curvatures compared to the species identified in AlSiOH nanotube solutions [2]. This is 
expected since it has long been suspected [36] that curvature differences between 
AlSiOH and AlGeOH nanotubes arise due to the larger O O distance in GeO4 compared 
to SiO4 tetrahedra. Results presented in this Chapter experimentally prove this 
speculation, meanwhile providing another example that precursor curvature directly 





Figure 4-7. 2D ChemDraw illustration of representative AlGeOH structure identified 
during initial heating stage in nanotube synthesis solutions. 
 
4.4 Differences Between AlSiOH and AlGeOH Nanotube Systems 
 
4.4.1 Comparison of Silicon and Germanium Speciation  
 
AlSiOH and AlGeOH nanotubes are synthesized using the same aluminum source 
(Al sec-butoxide). The only difference is the use of TEOS as Si source and TEOG as Ge 
source. Thus, to understand the mechanistic differences between the synthesis of AlSiOH 
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and AlGeOH nanotubes, differences and similarities between TEOS and TEOG 
hydrolysis were first investigated.  
Molecular Structure of AlGeOH species Curvature 
















Figure 4-8. Molecular structure of AlGeOH species identified by ESI MS in 
prenucleating and nucleating nanotube synthesis solutions after DFT optimization and 



































































R = 3.1 ± 0 nm 







R = 6.1 ± 0 nm 







R = 3.0 ± 0.1 nm 








The nature of aqueous complexes formed by Si and Ge in 0.05 M HClO4 solutions 
at 25 ˚C was investigated via mass spectrometry up to     = 1000. 0.05 M Si(OC2H5)4 
and 0.05M Ge(OC2H5)4 are hydrolyzed in separate flasks to observe Si and Ge 
speciation, respectively after 18 h aging. Figure 4-9 gives the ESI MS spectra of 
hydrolyzed TEOS and TEOG solutions. Tables 4-6 and 4-7 summarize the molecular 
composition of detected Si and Ge species in negative and positive scan mode. Tables 
show only the base peaks that belongs to an      18 (achieved by the elimination of 




Figure 4-9. ESI MS spectra of TEOG (a, b) and TEOS (c, d) in HClO4 solutions: (a, 






The only stable oxidation state for Ge and Si in aqueous solutions is IV [125]. The 
hydrated/hydroxylated ions exhibit tetrahedral coordination and form structurally similar 
cyclic network structures via hydrolysis and polycondensation reactions as seen in Figure 




























Figure 4-10. Representative cyclic molecular structure of silicate and germanate species 
detected in mildly acidic TEOG and TEOS solutions as identified by ESI MS. 
 
There has been no previous attempt made to explain the shortening of AlGeOH 




due to the previous use of GeCl4 as a germanium source in synthesis solutions, which 
inhibits the development of the nanotube structure.  It is true that the existence of Cl
-
 
promotes brucite-like arrangements of Al atoms rather than hexagonal gibbsite-like ring 
configurations [1]. However, the synthesis procedure used in our studies is different than 
Wada's [36] method of AlGeOH nanotube synthesis, since GeCl4 is not used at all. 
Moreover, the reaction conditions (pH, temperature, type of acid, reactant amount and 
duration) were exactly the same for AlGeOH and AlSiOH nanotube synthesis. The only 
difference is that aqueous solutions were obtained by hydrolysis of Si(OC2H5)4 or 
Ge(OC2H5)4 sources in the presence of ClO4
-
 ions.  Although Cl
- 
anions were not present, 
the aluminogermanate nanotube lengths are still very short ( 20 nm) (Figure 4-1), and 
are similar to those reported in a variety of different reaction procedures for AlGeOH 
nanotubes [38, 60, 107].  
 
Table 4-6. Molecular formula of germanate species detected by high-resolution ESI MS 
in TEOG solutions after 18 h aging at 25 ˚C. 
 
    (observed)     (exact) Molecular Formula 











































































































































Table 4-7: Molecular formula of silicate species detected by high-resolution ESI MS in 
TEOS solutions after 18 h aging at 25 ˚C. 
 
    (observed)     (exact) Molecular Formula 


































































































Ge has been considered as a chemical analog of Si [126] and can substitute for Si 






scarce. On the other hand, many studies exist that show Ge forming more stable 
complexes than Si with organic ligands [126]. These complexes are established through 
bidentate covalent bonds, and the coordination number of Ge can change from 4 to 6 as 
shown by EXAFS studies [128]. The ionic radius of Ge
4+
 (0.39 Å) is larger than that of 
Si
4+
 (0.26 Å). Unlike Ge, Si is reluctant to enlarge its coordination sphere to form stable 
complexes [128].  One of the significant differences observed in this work is that Ge can 
form stable complexes with perchlorate anion (ClO4
-
) as seen in Table 4-6. Ge
4+
 contains 
a completely full d-orbital unlike Si
4+
, leading to a greater tendency towards covalent 
bonding that results in more stable chloride complexes [125]. While it is difficult to 
conclude with full certainty at the moment, it might be proposed that complexation (Ge-
OClO3), ongoing exchange between anions (ClO4
-
 in our case or Cl
- 
in Wada's paper 
[36]) and hydroxyl ligands (OH
-
), and the ability of Ge to increase its coordination 
number in complexes contribute to slowing down the growth kinetics of 
aluminogermanate nanotubes. 
 
4.4.2 Comparison of Aluminosilicate and Aluminogermanate Speciation  
 
 No tetrahedrally coordinated aluminum is present in synthesis solutions of 
aluminogermanate nanotubes.  This strikes us as one of the main differences between 
evolving 
27
Al NMR spectra of AlSiOH and AlGeOH nanotube solutions [1]. Tetrahedral 
Al coordination in AlSiOH nanotube synthesis solutions arises from the presence of the 
Al13 Keggin complex [Al13O4(OH)24(H2O)12]
7+
 which is confirmed by both NMR and 
ESI MS studies [1]. Tetrahedral Al coordination in pure AlSiOH nanotubes does also 
exists as a defect [1] which is believed to correspond to Al tetrahedra replacing Si 
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tetrahedra in the structure [129]. It is highly possible that the Keggin complex can 
rearrange to take part in the nanotube structure, while preserving its tetrahedral Al 
species. The Keggin complex does not form in AlGeOH solutions; its formation is 
somehow inhibited. Moreover, no tetrahedral Al coordination in the aluminogermanate 
nanotube structure itself is observed [38, 107].  
 
The main reason for the absence of Keggin complex in AlGeOH and its existence 
in AlSiOH system is again believed to be the hydrolysis rate differences between 
TEOS/TEOG and Al sec-butoxide. The hydrolysis rate of Al sec-butoxide or other 
aluminum alkoxides is much higher than that of TEOS [130, 131]. Because of the 
difference between the hydrolysis rates of aluminum and silicon sources, the formation of 
aluminates (e.g.  Keggin cation) cannot be avoided [130]. In fact, when TEOS is replaced 
with another silicon source such as TMOS, which has a higher hydrolysis rate than 
TEOS, more homogenous aluminosilicate networks are obtained [130-132]. Moreover, it 
is very well known that TEOG (or GeCl4) [133] hydrolyzes much faster than TEOS 
[134]. Thus, Ge ions attack the aluminate species as soon as they are released by the 
hydrolysis of Al sec-butoxide preventing the polymerization of larger aluminate 
complexes such as the Keggin complex. In fact, no aluminate species bigger than Al7 are 
detected in pre-nucleating AlGeOH nanotube solutions (Table 4-1 and 4-2). However, 
incomplete hydrolysis of TEOS results in formation of aluminates (including the Al-13 





Figure 4-11. Images of AlSiOH and AlGeOH nanotube synthesis solutions after 18 h of 
vigorous mixing at room temperature. The solutions were prepared by addition of Al sec-
butoxide/TEOS and Al sec-butoxide/TEOG mixtures in HClO4 solutions respectively. 
 
A simple observation of solution transparency did also support the existence of 
large aluminates in aluminosilicate nanotube solutions. Figure 4-11 shows samples from 
AlSiOH and AlGeOH nanotube synthesis solutions after 18 h of aging at room 
temperature. The AlSiOH solution is cloudy due to the presence of large species that may 
form gel-like networks [135-138]. However, the AlGeOH solution is clear and 
transparent. Within a few hours of heating to 95 ˚C, the AlSiOH solution also becomes 
transparent. It is believed that in AlSiOH nanotube solutions, a precipitate or a gel 
containing separate aluminate and silicate phases or aluminate particles covered by silica, 
is present due to the lower hydrolysis rate of TEOS [131]. In fact, ESI MS studies found 
Keggin-13 complexes surrounded by silicate units as described in Chapter 2 [1]. Other 
studies showed the possible existence of even bigger aluminate complexes like Al26 [96] 
or Al30 [139] that are said to be comprised of polymerized Keggin molecules. Heating of 
the solution to 95 ˚C promotes redissolution or rearrangement of Keggin complexes [1, 
78] or larger polymerized complexes which provide a continuous precursor supply to the 
already nucleated nanotubes. This process is rather slow as evidenced by NMR studies 
[1]. It takes nearly 7 h for the Keggin signal to completely disappear upon heating. 
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Slower dissolution or rearrangement rate of the large aluminosilicate species assures the 
slow but ongoing resupply of precursors to the growing nanotubes after initial 
condensation and rearrangement process. Such a supply of aluminosilicate precursors in 
growing AlSiOH nanotubes could explain the previously reported nutrient-addition 
growth mechanism [66] that results in the observation of longer AlSiOH nanotubes 
( 100 nm) than AlGeOH nanotubes ( 20 nm). The latter is suggested to grow by an 
aggregative growth mechanism [38]. The slow formation kinetics of AlSiOH nanotubes 
compared to AlGeOH nanotubes also received the attention of other researchers [107] 
who interpreted it in terms of differences in polymerization/depolymerization kinetics 
between Si and Ge species [105].  
 
Here is should also be noted that an equilibrium is quickly established within 2 h 
aging of AlGeOH solutions [Figure 4-3a, c, and e], which cannot be reached for over 18 
h in AlSiOH nanotube synthesis solutions [1] as indicated by detailed NMR studies. This 
can also support incomplete reaction and continuous ordering in prenucleating AlSiOH 
nanotube solutions between Al and Si units and/or an equilibrium is being established 
between bigger species throughout the aging stage compared to AlGeOH solutions in 
which no further increase in the amount of precursors (Figure 4-3c) is detected after 2 h, 
indicating that the reaction between Al and Ge atoms is complete and all available Al 
interacted with Ge atoms, thereby preventing the formation of larger aluminate 
complexes. Change in linewidth and chemical shifts of peaks in AlGeOH system (see 
Figure 4-3a, c and e) during the aging stage supports rather fast rearrangement and 
equilibrium that is established within a few hours into the synthesis as compared to 
AlSiOH system. As supported by ESI MS experiments, although AlGeOH and AlSiOH 
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precursors can be chemically explained by the same structural configurations, the 
identified small and medium sized AlGeOH species contain three and even four 
germanium atoms whereas the number of Si atoms in similar-sized AlSiOH precursors is 
one or two [1]. This indicates that more Ge is available to interact with Al, resulting in a 
larger concentration of precursors in the AlGeOH nanotube solutions during aging as 
compared to the  AlSiOH system. This is also supported by 
27
Al NMR studies (Figure 4-
12).   
 
Figure 4-12. Comparison of 
27
Al liquid-state NMR spectra of AlSiOH and AlGeOH 
solutions collected at 2
nd 
aging h. The broad peak near 6 ppm in AlSiOH solutions [1] and 
8 ppm peak in AlGeOH system is assigned to nanotube precursors. As seen from the ratio 
of monomer to precursor signal, precursor amount is much higher in AlGeOH solutions. 
Moreover as indicated by the linewidth of the precursor signal, first coordination 
environment of Al in AlGeOH precursors are much ordered. This again is an indication 
of a higher Ge/Al ratio in AlGeOH precursors compared to Si/Al ratio in AlGeOH 
precursors.  
 
4.5 Controlling Single-Walled Metal Oxide Nanotube Lengths 
 
The findings strongly indicate that hydrolysis rate differences between Al and 
Si/Ge reactants is a key factor in controlling single-walled metal-oxide nanotube length. 
-200-180-160-140-120-100-80-60-40-20020406080100120140160180
27Al liquid NMR Chemical Shift (ppm)
-200-180-160-140-120-100-80-60-40-20020406080100120140160180
2nd hr Aging AlGeOH
2nd hr Aging AlSiOH
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In order to synthesize short nanotubes, hydrolysis rate differences between the reactants 
should be minimized, i.e. the hydrolysis rates should be properly “matched”. A 
combination of ESI MS and NMR results suggest that this rate difference is relatively 
smaller between Al sec-butoxide and TEOG. Thus, shortened nanotube lengths and a 
smaller variety in precursor speciation (e.g., the absence of tetrahedral Al) are readily 
achieved for AlGeOH. As discussed before, the slower hydrolysis rate of TEOS limits the 
rate of precursor formation in AlSiOH solutions and also explains the observation of 
aluminate species. The number of nanotube-nucleating sites in AlSiOH solutions is 
therefore much smaller, and with the continuous supply of precursors during heating 
stage, the already formed nanotubes continue to grow by precursor addition, thereby 
resulting in longer nanotubes. 
 
One can still shorten AlGeOH nanotubes by increasing the hydrolysis rate of 
TEOG slightly to match with the hydrolysis rate of Al sec-butoxide, thereby limiting the 
formation of even small aluminates, and further increasing the efficiency of Al and Ge 
complexation with each other. Exactly the opposite approach is also possible in order to 
grow longer AlGeOH nanotubes. To possibly obtain shorter AlSiOH nanotube lengths, 
the hydrolysis rate of the silicon source could be accelerated to match that of Al sec-
butoxide. If TEOS is used, the hydrolysis rate can be accelerated by the addition of 
fluoride ions as a catalyst, or one may substitute TEOS with TMOS [140]. On the other 
hand, the hydrolysis rate of Al sec-butoxide can also be controlled by chelating agents 
[141, 142]. In this work, ethylacetoacetate-modified Al sec-butoxide (Alfa-Aesar) was 
used. This modification enables Al sec-butoxide to become less susceptible to attack by 
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water [141]. This Al source is mainly used to prevent aluminate formation in 
aluminosilicate sol-gel synthesis procedures and thereby allow increased complexation 
between Al and Si species [143]. The 
27
Al liquid NMR spectra of such solutions show 
less Keggin and more precursor signal as compared to synthesis solutions with regular Al 
sec-butoxide (Figure 4-13). The amount of Keggin signal is used as an indication of the 
efficiency between Al and Si interaction, and is a direct measure of the amount of 
aluminate formation. When the Keggin signal is more predominant in AlSiOH nanotube 
solutions, it indicates that the hydrolysis rate difference between Al sec-butoxide and the 
Si source is large, leading to a  lower yield of  AlSiOH nanotube precursors and a higher 
number of aluminate species that do not directly participate in nanotube formation.  
 
Figure 4-14 shows the length histograms of AlSiOH nanotubes synthesized using 
modified and non-modified Al sec-butoxide. The Figure includes TEM images of the 
nanotubes obtained from solutions at the final stage of the nanotube synthesis (96
th
 h 
heating). Approximately 50 TEM images were collected, and the length distributions 
were obtained over 500 counts of individual nanotube lengths. It is clearly observed that 
nanotubes synthesized using the modified Al source are nearly two times shorter in 
average length (~83 nm) than nanotubes obtained with regular Al sec-butoxide (~167 
nm). This remarkable change is entirely consistent with the hypothesis, and provides 






Al liquid NMR spectra of 18 h aged AlSiOH nanotube forming solutions 
at 25 ˚C. The solution spectra shows less Keggin signal (63.3 ppm) but more precursor 






Figure 4-13. Histograms (with poisson counting errors) of AlSiOH nanotube lengths for 
nanotubes synthesized using (a) non-modified Al sec-butoxide and TEOS. The average 
length is 180 nm, (b) modified Al sec-butoxide and TEOS. The average length is 83 nm. 
































































































































































A GENERALIZED KINETIC MODEL FOR THE FORMATION AND 




Solution-based methods are now being widely used for synthesizing a large 
number of nanostructures [67, 144-151]. This route offers superior control over 
morphology, structure and dimensions of the nanomaterials as it allows the modification 
of synthesis parameters such as duration, temperature, pH, and concentration of starting 
reactants. However, the mechanisms of nanomaterial formation and growth in solution 
are still yet to be understood. A few studies have been conducted on the kinetics of the 
synthesis reactions under hydrothermal conditions, including ZnO nanorods [146], V2O5 
nanoribbons [151], SnO2 [152] and CdSe nanocrystals [149]. The growth kinetics of 
nanomaterials are mainly governed by Ostwald ripening (OR) [153-155], oriented 
attachment (OA) [147, 151, 156, 157], or combination of both [158, 159]. OR 
mechanism is the growth of larger crystals at the expense of smaller crystals with a 
driving force to decrease the surface energy [154]. Meanwhile, OA may occur in two 
ways: (1) collision between aligned particles, or (2) coalescence of nonaligned particles 
in contact that undergo crystallographic rotation [151].  
 
Only a few examples of single-walled metal oxide nanotubes are currently 
available, specifically aluminosilicate/germinate [33] [(OH)3Al2O3SiOH, 
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(OH)3Al2O3GeOH] and molybdenum oxide (MoO3) nanotubes [65]. Since Farmer et al. 
[37] first reported the synthesis of aluminosilicate nanotubes, it has attracted enormous 
interest due to its distinctive physical and chemical properties [44, 160]. Over the years, 
they showed potent for various applications, ranging from nanocables [45] to high-flux 
membranes [54], based on experimental results and/or simulations that are taking the 
advantage of its well-defined open pores, and functionalizable inner and outer walls [41, 
43]. Single-walled metal oxide nanotubes are synthesized via a facile and low cost 
solution-based method [161]. Industrial-scale processing of single-walled metal oxide 
nanotubes requires quantitative models describing the formation and growth mechanisms 
for desired engineering and high-yield production of such objects. 
  
Several attempts have been made to develop qualitative and quantitative 
understanding of the formation and growth mechanism of single-walled metal oxide 
nanotubes [1, 33, 38, 60, 66, 162]. Mukherjee et al. [60] first proposed a two-step model 
to explain the kinetics of 20 nm long aluminogermanate nanotube formation based on 
dynamic light scattering, and UV-vis spectroscopy results. This model incorporates three 
main species in synthesis solutions. These are monomeric/oligomeric aluminogermanate 
precursors which are in reversible equilibrium with amorphous nanoscale condensates of 
~ 6 nm having the ability to irreversibly self-assemble and rearrange into short 
aluminogermanate (AlGeOH) nanotubes when reaction solutions are heated. Levard et al. 
[38], on the other hand, observed the existence of rooftile-shaped precursors of size ~ 5 
nm which assemble to ring segments that later form AlGeOH nanotubes with an edge-to-
edge assembly process using XAS and SAXS techniques. The same research group also 
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proposed a kinetic model that assumed an oriented aggregation growth mechanism to 
explain the differences in final length distributions of single- and double-walled AlGeOH 
nanotubes [162]. A TEM study [66] proposed a kinetically controlled "nutrient addition" 
mechanism for aluminosilicate nanotubes (AlSiOH) that also supported early 
speculations [163] in which nanotubes are believed to grow with the addition of the 
precursors to growing nanotube ends. In detailed NMR, ESI MS, and DFT study of 
AlSiOH nanotube formation shown in Chapter 2 [1], the existence of curved nanoscale 
intermediates of various sizes with nanotube-like bonding configurations was shown. 
These nanoscale intermediates were shown to condense and self-assemble into AlSiOH 
nanotubes upon heating. 
 
It is seen that different mechanisms have been proposed to govern the nanotube 
formation and growth kinetics, thereby causing considerable confusion among 
researchers in this area. A more generalized quantitative model is needed to explain the 
formation and growth mechanisms of both single-walled aluminosilicate and 
aluminogermanate nanotubes, and it might even be generalizable to all single-walled 
nanotube objects prepared in solution. The objective of this Chapter is to develop a new 
quantitative model describing the formation and growth of single-walled metal oxide 
nanotubes. This model should also be able to predict size distribution and mean lengths 
of nanotubes at different experimental conditions. Such a model will be of high value in 




5.2 Experimental Details 
 
The synthesis of nanotubes was carried out as described previously in this thesis. 
Typically, 0.1 M Aluminum sec-butoxide (ASB) is mixed with 0.05 M tetraethoxysilane 
(TEOS) to synthesize AlSiOH nanotubes. In case of AlGeOH nanotube synthesis, the 
same amount of ASB is mixed with 0.05 M germanium ethoxide (TEOG). Reactant 
mixtures are dissolved in acidic aqueous solutions that are obtained by the addition of 
0.05 M HClO4 (20%) to 48 ml DI water. After 18 h vigorous mixing at room 
temperature, the reaction solutions are diluted to 0.02 M Al and the temperature is 
increased to 95 ˚C. Samples are withdrawn from the reactor at various reaction times (8, 
14, 30, 48, 72, 85, 96, and 144 hrs).  
 
Dispersed nanotube samples on TEM grids are prepared as follows: 10 µL of 20% 
HClO4 is added to 10 ml of DI water in a small vial. Then, 10 µL acidic dispersions of 















 h, and 144
th
 h). Whenever a sample is taken from the 
reactors at each defined time, it is added to the acidic water in the small vial. This way of 
diluting the nanotube solutions helps achieving a great dispersion of individual nanotubes 
over the TEM grid without the need to use any other difficult and/or time consuming 
techniques such as cryo-EM, grid drying in saturated ethanol atmosphere [66] or AFM 
[162]. As soon as the mixture is prepared, sample volumes of 2 µL were pipette onto thin 
carbon-coated 400-mesh copper grids and blotted with Whatman no. 4 filter paper 
immediately. A JEOL JEM-1400 transmission electron microscope (TEM) that is 
operating at 120kV is used to characterize nanotube length distributions. Samples are 
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screened with an Orius SC1000 CCD and an UltraScan1000 CCD camera. ImageJ 
software is used to characterize the length of nanotubes [112]. 
 
5.3 Results and Discussion 
 
In the following sections, the formation and growth of single-walled metal oxide 
nanotubes under hydrothermal conditions are investigated experimentally and 
theoretically. A set of chemical reactions leading to nanotube formation and growth are 
proposed based on the experimental findings of this thesis and previous reports [1, 38, 60, 
66]. A mathematical model is then derived to describe the time-dependent length 
distributions of nanotubes throughout the synthesis. The model is parameterized by fitting 
to experimental size distributions obtained from TEM micrographs of aluminosilicate and 
aluminogermanate nanotube samples collected at eight different times during synthesis. 
The model is shown to fully capture the features of evolving single-walled metal oxide 
nanotube length distributions. Finally, the predictive capability of the model is tested by 
comparision with experimental result at a different synthesis condition. 
 
 5.3.1 Quantitative Kinetic Model Formulation 
 
There are three primary types of species known to coexist in synthesis solutions 
of single-walled metal oxide nanotubes, as evinced by multiple studies [1, 33, 60, 66, 
162, 164]. These are nanotube-forming precursors    , amorphous nanoparticles    , and 
growing nanotubes     . In this thesis, a detailed kinetic model is formulated that 
governs the nucleation and growth kinetics in nucleating nanotube synthesis solutions 
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using the  ,  , and    species. It is now established that pre-nucleating aluminosilicate 
and aluminogermanate nanotube solutions contain curved precursors. These precursors 
form as soon as the hydrolysis of the starting reactants (e.g. ASB, AlCl3, Al(ClO4)3, 
TEOS, TEOG, and/or GeCl4 etc.) takes place in synthesis solutions at room temperature 
[1, 118]. Clearly, the model does not include the reaction steps leading to formation of 
these precursors. At the end of the aging step and at the start of the heating step, these 
precursors are already existing in solution and are ready to react and form nanotubes. 
 
Nanotube synthesis and growth in nucleating solutions is assumed to be a four-
step process. Molecular representations of the proposed reaction steps are depicted in 






                                                                                                                                
 
     
  
                                                                                              
 
       
  
                                                                                        
 
where      .   denotes the average number of precursors   forming an amorphous 
nanoparticle   via    . The number   is a positive integer. At least n = 4 precursors     
are necessary to form the smallest nanotube ring unit whose length is ~ 1 nm. Thus, the 
smallest nanotube length formed is assumed to be        . The index   denotes the 
length of nanotubes (e.g.     represents nanotubes that are 1 nm in length). Here,   is 
the size of the longest nanotube. 
 120 
 
Figure 5-1. Molecular representations of the proposed reaction steps leading to nanotube 
formation and growth. Nanotube formation is two-step mechanisms occur by the 
precursor     condensation with a rate constant denoted as    and rearrangement of the 
amorphous particles     with a rate constant denoted as   . Growth is permitted when 
rearrangement is complete and it occurs via two mechanisms: precursor addition and 
edge-to-edge aggregation with rate constants denoted as    and   , respectively.  
 
Upon heating to 95 ˚C, precursors already formed during aging condense to form 
amorphous nanoparticles in the first step of the reaction    .    is defined as the 
condensation       rate constant. The size of these amorphous condensates is well 
known to be 3-6 nm according to DLS, TEM, and SAXS studies [38, 60, 66]. significant 
amounts of these particles were also observed in early-stage synthesis solutions (e.g., at 8 
h of heating). TEM micrographs can be seen in Figure 5-2. The average particle size 
measured is 3.8 0.6 and 2.9 0.5 nm in AlSiOH and AlGeOH synthesis solutions, 
respectively. There is no experimental evidence to suggest that these particles directly 
contribute to nanotube growth such as adding to growing nanotube ends. The particles 
stay suspended in solution with no signs of aggregation. They are surrounded by charged 





possibly colloidally stable nanoparticles that are capable of transforming into short 




Figure 5-2. Representative TEM micrographs of amorphous nanoparticles     in 
nucleating aluminosilicate (a and b) and aluminogermanate (c) nanotube solutions at as 
early as 8
th
 reaction hour. Average particle size is 3.8 0.6 and 2.9 0.5 nm for AlSiOH 
and AlGeOH nanotube solutions, respectively.  
 
The formation of the smallest nanotube is treated as the result of two consecutive 
reactions, i.e., the condensation of precursor species     and the subsequent 
transformation of the condensate     to a nanotube nucleus, as depicted in Figure 5-1. 
The quantity    represents the transformation rate constant for the formation of the 
smallest nanotube by the rearrangement of nanoparticles         via    .  
 
After irreversible transformation of amorphous particles to small nanotubes with a 
first order reaction, they continue to grow via mechanisms given in     and    . The rate 




growing nanotube ends. This mechanism was previously called nutrient addition [66], 
and has been the sole mechanism assumed to govern the growth kinetics of 
aluminosilicate nanotubes [62, 163]. An additional mechanism, with a rate constant   , is 
added to explain the experimentally obtained population trend. It is called the oriented 
attachment [38] mechanism which assumes that nanotubes increase in length by joining 
to each other (i.e., end-to-end attachment, which can be considered as a one-dimensional 
aggregation process). Previously    was assumed to be nanotube length-dependent 
     
    [162] based on Brownian collision theory [147]. However, no difference was 
noticed in the model results upon keeping this parameter constant or defining it in a 
length-dependent manner. As previously noted, oriented attachment requires not only a 
collision between two nanotubes but also relative rotation until a thermodynamically 
favorable end-to-end configuration is achieved [165]. Moreover, random Brownian 
collisions usually result in branched aggregates [147]. Such branching was not observed 
in single-walled metal oxide nanotubes.  
 
The rate equations for each of the three species are then written as follows for a 
batch synthesis reactor:  
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Here,   is the order of the reaction in which the precursors condense to form 
amorphous particles      . Since multiple precursors are typically involved in the 
reaction, the reaction order is not known a priori.    ,    , and      denote the 
concentrations of precursors, amorphous particles, and nanotubes in synthesis solutions, 
respectively. A population balance analysis then gives the set of balance equations for the 
nanotubes at different lengths. The aggregation (k4) term is described by the 
Smoluchowski equation [147, 166]. 
 
      
  
                                                                                                 
      
  
                  
 
 
          
     
   
     
         
 
   
                
 
The Euler method is used to numerically solve the ordinary differential equations 
given by    ,    ,    , and    , with a step size of 0.01 h. Numerical simulations were 
performed using MATLAB. The initial concentrations (at    ) of amorphous particles 
and nanotubes are zero (      ,         for        ). Typically, N ~ 800 for 
AlSiOH (~ 40 for AlGeOH) in order to cover all possible nanotube lengths and thereby 
fully describe the typical nanotube synthesis results. Thus, the population balance model 
requires the simultaneous solution of about 800 ordinary differential equations for 
AlSiOH nanotubes synthesis (40 for AlGeOH nanotube synthesis).  
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 Synthesis solutions at     are not a pure suspension of nanotube-forming 
precursors (P particles). As shown in previous Chapters, smaller monomeric, dimeric      
units and many aluminates [Al1, Al2, or Al13] are also present. Therefore, the starting 
reactant concentrations (e.g. 0.02 M ASB or 0.01 M TEOS) cannot directly represent the 
initial precursor concentration        in solutions, in fact the exact      is very hard to 
determine experimentally or theoretically. Thus,      should be one of the variables in the 
kinetic model.  
 
 5.3.2 Characterization of Nanotube Length Distributions 
 
 The dimensional evolution of aluminosilicate and aluminogermanate nanotubes 
throughout synthesis is studied by transmission electron microscopy (TEM).  Over 20 
electron micrographs, from different regions of the TEM grid, are recorded at 80K and 
100K magnifications for each sample obtained at various times. Representative TEM 
micrographs of aluminosilicate and aluminogermanate nanotubes are presented in Figures 
5-3 and 5-4, respectively. Direct observation of individual nanotubes using TEM has 
been a major problem because nanotubes tend to aggregate on the grid upon solvent 
evaporation, forming dense entangled networks [66]. To remove this difficulty, a 
previous work reported that aqueous dispersions of nanotubes were dried on the TEM 
grid under a saturated ethanol atmosphere [66]. This time consuming step is eliminated in 
this thesis, and acidic dispersions of nanotubes are directly used to achieve highly 
efficient individual dispersion of nanotubes over the grid. Some small AlGeOH nanotube 
clusters were still detected as seen in Figure 5-4, however, only individually observable 
nanotubes were used for measurements in this study. The lengths of 500 different 
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nanotubes are measured from the images collected at each reaction time to obtain a high-
quality length distribution. Measurement of nanotube lengths were done with the ImageJ 
software [112], using its segmented line tool to outline the nanotube contour.  
 
 
Figure 5-3. Representative transmission electron micrographs of individually dispersed 





h, and (h) 144 h.  
  
 5.3.3 Model Fitting and Validation 
  
 The model is parameterized to the extensive experimental data by combining the 
solution of the population balance equations with a nonlinear least squares fit to minimize 
residual error between experimental and simulated nanotube length distributions (NLDs) 
throughout the synthesis. The final values of the rate constants (  ,   ,   , and   ), initial 
precursor concentration (    ), order of reaction ( ), and the number of precursors in 
amorphous particles ( ) are summarized in Table 5-1.  
(e) (f) (g) (h)
(a) (b) (c) (d)
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Figure 5-4. Representative transmission electron micrographs of individually dispersed 
aluminogermanate nanotubes at reaction time of (a) 8 h, (b) 14 h, (c) 30 h, (d) 48
 





h, and (h) 144 h. 
 
Table 5-1: Summary of kinetic model fit parameters. 
 
Reaction Constants AlSiOH NT Synthesis AlGeOH NT Synthesis 
    
                   
    
                      
    
                    
    
                
        
          
             
          
 
 
 The normalized experimental and simulated NLDs are given in Figures 5-5 and 5-
6 for aluminosilicate and aluminogermanate nanotubes, respectively. As seen from the 
Figures, the proposed model fully captures all the features of the NLDs and the 
parameterization results in excellent agreement of the model with data collected from 
TEM experiments.  
(a) (b) (c) (d)
(e) (f) (g) (h)
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Figure 5-5. Normalized aluminosilicate nanotube length distributions (NLD) at defined 
reaction times (light-colored) with Poisson counting errors and fits of the proposed 




Figure 5-6. Normalized aluminogermanate nanotube length distributions (NLD) at 
defined reaction times (light-colored) with Poisson counting errors and fits of the 
proposed kinetic model (dark-colored line). Histogram bin size is 2 nm.  
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 Average residual error values are  10% and  15% for aluminosilicate and 
aluminogermanate NLDs respectively. Slightly larger error values observed for 
aluminogermanate nanotube might be due to coexistence of single-walled and double-
walled nanotubes. A recent study suggests that double-walled AlGeOH nanotubes may 
form in such reaction solutions and with different reaction growth kinetics compared to 
their single-walled analogues [162]. Double-walled nanotube populations could not be 
distinguished in this work. Therefore, although the proposed model was able to capture 
the general trend of experimentally observed NLDs, further studies (such as high-
resolution cryo-TEM tracking) can be performed to discriminate between single-walled 
and double-walled nanotube populations [162] and model their formation kinetics in 
more detail.  
 
 The  NLDs become broader as a function of reaction time as seen in Figures 5-5 
and 5-6. Figure 5-5 shows that the maximum AlSiOH nanotube length observed at 8 h 
heated synthesis solutions is nearly 300 nm whereas it is up to 800 nm in the final 
reaction hours. The minimum nanotube length observed, on the other hand, remains 
around 20 nm throughout the reaction. Shorter nanotubes were never observed in the 
measurements, even though such objects are well within the resolution of the TEM 
imaging. This clearly suggests that the minimum AlSiOH nanotube length that can form 
by the rearrangement of amorphous particles is ~20 nm. To form a 20 nm length 
nanotube, ~ 10
2
 precursors are needed. In fact, the best-fit n value from the model fitting 
is 80 for AlSiOH nanotubes as seen in Table 5-1. Therefore, one might not need to use n 
as one of the fitting parameters and can directly determine it from the value of minimum 
nanotube length observed. The minimum nanotube length observed in AlGeOH solutions 
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is about 5 nm throughout the synthesis. In this case, the best-fit n value is 20. This 
number is very well consistent with the number of precursors required to form a 5 nm 
nanotube. TEM image analysis shows that the amorphous particle size in AlSiOH 
synthesis solutions is approximately 1 nm larger than that of observed in AlGeOH 
solutions as seen in Figure 5-2. These results also suggest the importance of initial 
amorphous particle size in determining the minimum tube lengths in synthesis solutions. 
Thus, further studies should include the determination of the dependency of kinetic 
parameters to particle size and investigation of the reaction conditions that are effective 
in determining the condensed particle size. Especially, understanding and modeling of the 
factors controlling the precursor size and condensed particle size can allow us to explain 
the formation of different metal oxide morphologies such as allophanes, which are single-
walled nanospheres of  4 nm diameter [167] that form in alkaline solutions (e.g., this can 
be achieved by correlating solution pH with condensation rate constant).  
 
 
 To elucidate the role of aggregation phenomena,    was set to 0 meanwhile 
keeping all other reaction parameters identical to their best-fit values. The resulting 
distributions are shown in Figure 5-7 and 5-8. When     , narrow nanotube length 
distributions are obtained throughout the synthesis. The mean length would stay almost 
constant after 8 h of the synthesis if oriented aggregation (OA) was not an effective 
mechanism. Therefore, nanotube-nanotube attachment/aggregation is responsible for the 
observed increase in polydisperity as a function of reaction time. At early stages of the 
growth, the dominant mechanism is precursor addition (PA), while OA has nearly no 
effect on nanotube populations. It is possible that nanotubes mainly grow by precursor 
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addition during the early stages of synthesis till a large fraction of the precursors are 
consumed. Then, OA becomes an important growth mechanism. 
 
 
Figure 5-7. Normalized aluminosilicate nanotube length distributions (NLD) at defined 
reaction times (light-colored) with Poisson counting errors and fits of the proposed 
kinetic model when      (dark-colored line). 
 
 
 Changes in the concentration of each species type       and    obtained based 
on the kinetic model are shown in Figure 5-9. Precursors are consumed within the first 
day of synthesis, both due to formation of the amorphous particles as well as addition to 
the growing tube ends. Furthermore, the concentration of amorphous particles reaches a 
maximum within the first hour of reaction. The resulting nanotube concentrations are 
higher for AlGeOH nanotubes compared to AlSiOH nanotubes, clearly due to the higher 
starting precursor concentration      values of AlGeOH system (see Table 5-1). 
However, the maximum nanotube concentration is achieved within the first day of 
synthesis and thereafter slightly but continuously decreases due to the OA mechanism. 
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Figure 5-8. Normalized aluminogermanate nanotube length distributions (NLD) at 
defined reaction times (light-colored) with Poisson counting errors and fits of the 




Figure 5-9. Changes in      and    concentrations as a function of synthesis time based 
on the proposed kinetic model.  
 
 It should be noted that, in detail, many combinations of chemical entities and 
reaction steps were examined; such as direct transformation of precursors to nanotubes 
without intermediate formation of amorphous particles, or the absence of the OA 
mechanism, or the absence of the PA mechanism. The other proposed growth mechanism 
of oriented rotation (OR) was also modeled and studied. However, the model presently 



















t = 144 h



















t = 96 h



















t = 85 h



















t = 72 h



















t = 48 h



















t = 30 h



















t = 14 h



















t = 8 h



















t = 144 h



















t = 96 h



















t = 85 h



















t = 72 h



















t = 48 h



















t = 30 h



















t = 14 h





















































t  96 



















t = 85 h





















































t  30 h



















t = 14 h
















































t  96 



















t = 85 h
















































t = 30 



















t = 14 h




















































t  96 



















t = 85 h




















































t = 30 



















t = 14 h




















































t  96 



















t = 85 h




















































t = 30 



















t = 14 h
















































t  96 



















t = 85 h
















































t = 30 



















t = 14 h




















































t  96 



















t = 85 h




















































t = 30 



















t = 14 h



















t = 8 h































































































discussed is the only one that properly captured all the features of the time-dependent 
length distributions. The model has 4 rate constants (  ,   ,   , and   ) as listed in Table 
5-1.  It is found that in aluminosilicate and aluminogermanate nanotube synthesis, 
     ,  i.e. precursor condensation reactions are much faster than rearrangement 
processes taking place upon heating reaction solutions. In fact,             suggesting 
that rearrangement process is the rate-limiting step.  
 
 
Figure 5-10. Change in pH as a function of synthesis time in AlSiOH and AlGeOH 
nanotube synthesis solutions. 
 
The largest differences between AlSiOH and AlGeOH nanotube systems are seen 
to be the values of the condensation rate constant (  ) and of  . The    value of AlSiOH 
nanotube synthesis is six orders of magnitude higher than that of AlGeOH. Also, the 
number of precursors involved in formation of amorphous condensates is four times 
higher in AlSiOH nanotube solutions. Moreover, the kinetic parameters representing 
growth processes (   and     show that the AlGeOH nanotubes grow at a slower rate 
(about 1 order of magnitude slower than AlSiOH). As discussed in detail in Chapter 4, 


































TEOG hydrolysis much faster [133, 134] than TEOS, thereby allowing efficient 
complexation of Al and Ge species and hence increasing the number of nanotube 
precursors in aging solutions, or amorphous nanoparticles ( ) in nucleating AlGeOH 
nanotube solutions compared to AlSiOH (as evident from Figure 5-9). This is also 
supported by pH measurements of the two systems throughout the synthesis, as seen in 
Figure 5-10. The pH trends of the two systems are slightly different, especially during the 
aging stage. An hour after the addition of reactants, the pH of the AlSiOH system is 3.7 
where as it is 3.3 in AlGeOH. At the end of aging (18 h), the solution pHs are 3.3 and 3.1 
respectively. The larger pH drop during the aging process in AlSiOH system could be 
due to the equilibrium established between many different type of species including 
small, medium-sized, and larger AlSiOH complexes (    ) [1]. Meanwhile, 
equilibrium is established within between small and medium species in AlGeOH system 
as there are no large complexes (e.g., Keggin): 
 
                    
                       
                                                                           
           
                          
                               
             
                       
 
                                   
              
 
                                 
             
                                                                      
 
 It is very crucial to understand that larger AlSiOH complexes (e.g., Al13Si) do not 
directly take part in nanotube formation upon condensation. However, within the first 7 h 
of heating, the large complexes redissolve or rearrange to supply additional precursors to 
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growing nanotubes. This can explain the faster growth kinetics in the AlSiOH system. 
Such complex reaction steps are not included in the presented model, but might be 
necessary for a more refined understanding of nanotube growth. Therefore, the    value 
for AlSiOH system might be slightly overestimated.  
 
 5.3.4 Model Predictions 
 
 From Figures 5-7 and 5-8, it is clearly observed that the model can explain the 
experimental length distributions quite well with  10 15% average residual error. Next, 
the predictive capability of the model was tested by comparing its predictions to 
experimental data obtained for another synthesis condition. Specifically, the starting 
concentrations of reactants (ASB, TEOS, and TEOG) in aluminosilicate and 
aluminogermanate nanotube synthesis solutions are changed by ±50%. Since the 
nanotube synthesis solutions are dilute and are far below the thermodynamic solubility of 
Al, Si, and Ge species, a change in the reactant concentration is expected to result in a 
corresponding linear (~50%) change in the initial precursor concentrations (P0). 
Representative TEM micrographs of obtained nanotubes at 96 h of synthesis are given in 
Figures 5-11 and 5-12. Simulations were performed to determine if the model can capture 
the essential features of evolving experimental NLDs at different Po values. All model 
parameters (       ,   ,   , and   ) determined in Table 5-1 are kept constant, and only 
the initial precursor concentration (    ) is increased or decreased by 50 percent. Figures 
5-13 and 5-14 compare the simulation results (at 0.5   and 1.5   initial precursor 
concentrations) to experimental NLDs obtained for aluminosilicate and 
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aluminogermanate nanotubes at 14 h and 96 h of the synthesis. The model is in 
remarkable agreement with experimental data. 
 
 
Figure 5-11. Representative TEM micrographs of aluminosilicate nanotubes synthesized 
from 0.05 M Al (a, b, and c) and 0.15 M Al (d, e, and f) collected at 96 h of reaction. 
 
 
Figure 5-12. Representative TEM micrographs of aluminogermanate nanotubes 









Figure 5-13. Comparisons of experimental aluminosilicate nanotube length distributions 
(NLDs) to simulated NLDs generated from fixed kinetic model parameters but different 




Figure 5-14. Comparisons of experimental aluminogermanate nanotube length 
distributions (NLDs) to simulated NLDs generated from fixed kinetic model parameters 
but different precursor concentrations: (a, b) 0.5  , and (c, d) 1.5   at reaction times of 
14 and 96 h.  
 
 Figure 5-15 shows that the average nanotube length (i.e., the mean value of the 
NLD) is very well predicted by the model at all three precursor concentrations. It is seen 
that the mean nanotube length is highly dependent on the precursor concentrations. It 
increases as the precursor concentration is decreased, and decreases when the precursor 
concentration is increased. The main reason for observed increase in nanotube length 
upon decrease in precursor concentration is the decrease in the number of amorphous 
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nanoparticles through reaction (1). This, in turn, leads to the formation of fewer nanotube 
nuclei, and hence the growth of fewer nanotubes to larger lengths. The final nanotube 
concentration/yield, on the other hand, decreases with decreasing precursor 
concentrations as shown in Figure 5-16. This result is also qualitatively seen in the TEM 
micrographs shown in Figure 5-11 and 5-12.  
 
  
Figure 5-15. Comparison between experiments (symbols) and model predictions (curves) 
of the mean length of (a) aluminosilicate nanotubes, and (b) aluminogermanate nanotubes 
as a function of synthesis time and   .  
 
   
 
Figure 5-16. Change in concentration of aluminosilicate nanotubes as a function of    
and synthesis time.  
 
























































































































In summary, the control of nanotube lengths through precursor concentrations at 
constant temperature, emerges as a predictable method for controlling nanotube lengths.  
Other hydrothermal synthesis parameters that can be controlled include the synthesis 






















DEFECT STRUCTURES IN ALUMINOSILICATE SINGLE-





 The model of the ‘perfect’ structure of the AlSiOH nanotube has been built up 
over the years via a combination of multiple techniques as depicted in Figure 1-2 [30, 
168]. Although this structure is an accurate overall model of the nanotube material, 
several structural aspects remain to be fully understood and are critical to the surface 
properties and chemical reactivity of the nanotube, e.g., the location and dynamics of the 
protons on the inner and outer surfaces, and the types of structural defects existing in the 




Al MAS NMR (e.g., Figures 6‐1a and 1b) [1, 81, 121] 
have been used to reveal the coordination environments of aluminum and silicon atoms. 
Only two 
29
Si NMR chemical shifts have been discussed. The first is a sharp resonance at 
 80 ppm, and is conclusively ascribed to Q3(6Al) coordination [109] of a silanol group 
connected to six Al wall atoms through bridging O atoms (Figure 6‐1b). The second is a 
broad resonance at  90 ppm that extends up to  110 ppm, representing a small but 
significant fraction ( 20% of total Si) of less ordered silicon environments. In one study, 
it has been speculated to originate from a more polymerized phase containing silicate or 
aluminosilicate units [121]. 
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Figure 6‐1. (a) 1D 29Si CP MAS spectrum, and (b) 1D 27Al MAS NMR spectrum of a 
purified nanotube sample [1]. 
 
 This disordered phase was also assumed to be the source of a weak Al(IV) peak 
near 60 ppm [121] (Figure 6–1b and inset), which occurs in addition to the sharp peak at 
 6 ppm from octahedrally coordinated Al(VI) in the nanotube wall (Figure 6–1b). The 
disordered phase was interpreted to contain Q
4
 silicate tetrahedra, each connected to 
fewer than 3 Al atoms [Si  Al ,  <3], with the Al atoms also being in tetrahedral 
coordination [62, 121]. However, such a disordered phase has never been observed as an 
impurity phase in extensive TEM and cryo-EM imaging of the nanotubes [2, 66, 109]. In 
fact, more recently, Al(IV) has been proposed to exist as a part of the SWNT structure, 
either bound to the Al(VI) outer wall or substituting Si(IV) tetrahedral on the inner wall 
[129]. Other evidence also suggests that the aforementioned resonances [0 ppm and 60 
ppm 
27
Al,  90 ppm 29Si] originate from the nanotube structure itself. For example, the 
terminal groups of the SWNTs could consist of relatively disordered Si and Al 
environments, and make up  2% of the Si and the Al atoms in a nanotube sample of  100 
nm average length. Secondly, the SWNTs form by rearrangement of a number of 
nanoscale precursors such that the complete absence of defects would be unexpected [1]. 
















nanotube products [109]. Finally, Si and Al species represented by similar chemical shifts 
are also observed in allophanes (single-walled aluminosilicate nanoshells of  4 nm in 
diameter), and are modeled as being part of the nanoshell structure [169]. In view of all 
the above reasons, it is clear that the minority Si and Al species are indeed part of the 
SWNT structure and can be considered as defect sites existing in the mostly perfect 
SWNT structure.  
 
In a defect-free nanotubes from which adsorbed water molecules have been 
evacuated, only two proton environments are identified: bridging outer surface hydroxyls 
(Al OH Al) and inner-wall silanols (Si OH) (Figures 1‐2). In this chapter of the thesis, 
the primary hypothesis is that the dynamics of protons near the defect structures can be 
used to interpret the local structure of the defect sites by means of advanced NMR 
techniques. In particular, high-resolution 1D 
1
H MAS and 
1
H CRAMPS NMR 
experiments can be used to obtain information about different hydroxyl groups present in 
the aluminosilicate SWNTs. To assign more precise structural locations to the 
1
H signals, 










CP/MAS NMR experiments were used to distinguish Si signals that are coupled with 
protons. To elucidate the role of surface protons in the formation of nanotubes, the 
evolution of proton environments around Al and Si throughout the synthesis were also 
studied by correlation NMR studies. Overall, this chapter presents an updated model of 
the structure of the aluminosilicate SWNTs with a clearer understanding of its defect 
structures.  
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6.2 Experimental Details 
 
The synthesis of aluminosilicate SWNTs was carrried out as described in previous 
Chapters [1]. Aluminosilicate nanotubes were synthesized from an aqueous solution of 
0.1 M aluminium sec-butoxide and 0.05 M tetraethyoxysilane, with 0.05 M HClO4 being 
used as the acid medium. The solution was aged at room temperature for 18 h, and the 
system evolved to an aluminosilicate colloid with a local structure close to that of the 
nanotube. Upon heating to 95 ˚C, nanotubes continuously form and grow by mechanisms 
elucidated in Chapter 5 [1, 33]. After 96 hours of heating, the obtained nanotube gel was 
dialyzed against DI water with a 15 kDa membrane to obtain a purified nanotube 
dispersion. Freeze-drying preserves the molecular structure of species in solution [170]. 
NMR experiments were performed on freeze-dried materials sampled from the reactor at 
various stages of the nanotube synthesis, and also on freeze-dried nanotube dispersions 
after dialysis. Dehydration of a pure freeze-dried nanotube sample was carried out in a 
Schlenk line at 250 ˚C for 24 h under vacuum. Samples were then transferred to zirconia 
rotors under a nitrogen atmosphere in a glove box, and sealed with an O-ring cap prior to 
NMR measurements. 
 
 All NMR spectra were collected at room temperature on a Bruker AV3-400 
spectrometer operating at 400 MHz for 
1
H and with a 10 kHz spinning frequency. The 
27










Si CP/MAS NMR experiments were performed with a 5 s repetition rate, 1024 
scans, and varying contact times. 
1
H CRAMPS spectra were recorded using a windowed 
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Phase-Modulated Lee-Goldburg (wPMLG) pulse sequence with 2.8‐µs π/2 pulses. 1H 
CRAMPS spectra were calibrated using glycine. 
1
H MAS NMR spectra were collected 
using single-pulse experiments with a 3‐µs π/2 pulse, a 2-s repetition time, and 16 scans. 





H dipolar coupling, which causes line-broadening in the 
1
H spectra. 
Therefore, Frequency-Switched Lee-Goldburg (FSLG) decoupling was incorporated into 
the HETCOR sequence [171]. This pulse sequence is based on cross-polarization from 





experiments were recorded with a ramped-amplitude CP sequence using a contact time of 
2 ms; 128 scans were collected. Spectra were acquired with 64 t1 increments of 63 µs, a 
1





HETCOR experiments were performed with a 
1
H π/2 pulse of 3 µs, a 200‐µs contact 
time, and a 4‐s ms repetition rate. A set of 64 free induction decays was obtained with a t1 
increment of 63 µs, States-TPPI  (time proportional phase incrementation) phase cycling, 
[174] and a dwell time of 12 µs. The protons were decoupled from the nuclei of interest 
using a TPPM proton decoupling [175] [two pulse phase modulation] scheme.  
 










Al experiments were performed to 
track the evolution of proton groups surrounding Al and Si species throughout the 
nanotube synthesis, and to identify Al-correlated or Si-correlated 
1
H chemical shifts in 
the final nanotube structure. 
29
Si NMR cross polarization contact time experiments were 
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Si FSLG-HETCOR and 
29
Si CP NMR Experiments 
 




Si FSLG-HETCOR correlation spectra collected at various 
stages of the synthesis are shown in Figures 6-2a 6-2d. Through the precursor solution 
aging step, Q
3
(6Al) Si OH are the main species seen in nanotube synthesis solutions [1]; 
however, the 2D spectra allow the identification of a wide range of relatively low-
concentration Si environments as signified by signal in the range of ca.  80 to  106 
ppm. On the other hand, there is only one proton resonance at ca. 10 ppm around all the 
Si environments indicating a single proton pool [such as Si-OH···OH2]. During the aging 
step at 25 ˚C, it was previously shown by ESI mass spectroscopy [1] that smaller 
aluminosilicate species evolve into proto-nanotube precursors (Al8-12Si1-2). At this stage, 
hydroxyl groups surrounding (Si-OH···OH2) species are progressively replaced by Al 
atoms through oxygen bridges (Al-O-Si) [1, 176]. This significantly changes the proton 
environment as aging progresses from 1 h to 18 h (Figures 6-2a, 6-2b). The 
1
H chemical 
shift moves from 10 ppm to 8 ppm. After aging is complete, the chemical shift of protons 
surrounding Si atoms remains at ca. 8 ppm throughout the nanotube formation and 
growth. This indicates, in agreement with the previous investigations in this thesis by 
other techniques [1], that short-range ordering around Si atoms in nanotube precursors 
has taken place and that all precursors necessary for nanotube formation have already 








Si FSLG-HETCOR spectra of (a d) freeze-dried samples collected 
at various times during nanotube synthesis, (e) freeze-dried nanotubes after purification 
by dialysis, and (f) nanotubes dehydrated in vacuo at 250 ˚C. Contact time is 2500 s in 
all experiments. (*) indicates center spin-lock frequency.  
 
 As mentioned in the Introduction, it has been previously proposed that the broad 
29
Si resonance could belong to polymerized Q
4
 silicate or aluminosilicate environments 
[121], in which case the second coordination sphere of Si is occupied by Al or Si atoms, 
and not by  OH groups [62, 81, 121]. On the other hand, Figures 6-2a 6-2f show strong 
proton correlations with Si in the species represented by the broad peak centered around -
90 ppm in 
29
Si MAS spectra. This indicates the existence of  OH groups in the second 




 Si species) or structures that are more open than a 
polymerized unit, thereby allowing binding of water protons and resulting in the observed 
proton correlations. It should be noted again that the 
1
H chemical resonance of the broad 
signals are exactly the same as the 
1



























































configuration (Si-OH···OH2) as depicted by red lines and arrows in Figure 6-2. After 18 
hours of aging, the initial range of Si environments (ca.  86 to  106 ppm) converges 
into a sharper Si environment represented by a  90 ppm chemical shift (Figure 6-2b).  
Upon heating, the species represented by this 
29
Si chemical shift are less exposed to 
solvent water molecules due to the condensation and rearrangement of the 
aluminosilicate precursors.
 
As the synthesis progresses by assembly and ordering of the 
precursors, most of these species transform into ordered Q
3
(6Al) Si-OH species at  80 
ppm (Figures 6-2c 6-2d); however, a small number of ‘defect’ species are preserved in 
the final nanotube structure (Figures 6-2e 6-2f). In hydrated nanotubes (Figure 6-2e), 
two different proton environments were identified (ca. 5 ppm and 8 ppm), both of which 
belong to Q
3
(6Al) Si-OH units (at  80 ppm). The resonance at ca. 8 ppm is assigned to 
silanol units that are hydrogen bonded to water oxygens (Si-OH···OH2) as depicted on 
the right-hand side of Figure 6-2, whereas the 
1
H resonance near 5 ppm represents the 
molecular water hydrogen-bonded to silanol groups (Si-OH···OH2). Previous multilayer 
adsorption simulations also showed that water molecules immobilized on the nanotube 
inner wall can form water layers by hydrogen bonding [41]. Moreover, Figure 6-2e 
indicates that the Si-OH···OH2 species is also found at a variety of different Si 
environments represented by ca.  90 ppm 29Si NMR resonances that are different from 
the dominant Q
3
(6Al) configurations. Molecular water is also bound to defect areas in 
nanotube as indicated by the red line in Figure 6-2e.  Dehydration of the nanotubes at 250 
˚C under vacuum completely removes adsorbed water molecules and isolates the Si-OH 
structures that are at various Si chemical shifts including defects. The 
1
H resonance 
belonging to Si-OH environments is present at 6 ppm (Figure 6-2f). For a successful 
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modification of interior nanotube walls, it was shown that adsorbed water molecules 
should be removed completely by an appropriate heat treatment condition [41]. Presented 
NMR study also confirms that heat treatment at 250 ˚C completely removes the water 
molecules while preserving the nanotube structure [41, 109]. 
 
 As discussed before, the 
29
Si NMR spectra of aluminosilicate nanotubes exhibit 
resonances from about  80 to  110 ppm. This indicates the presence of disordered 29Si 





FSLG-HETCOR studies indicates the existence of species with various 
29
Si chemical 
shifts that appear in the ~  80 to  110 ppm region. The grouping of Si atoms with 
hydroxyl groups ( OH) can be facilitated by the use of 1H→29Si cross-polarization (CP) 
between protons and silicon atoms that are within the van der Waals contact distance 
(0.33 nm) [170]. The application of
 
CP enhances selectively the Si signals of atoms that 




Si dipole interactions. 
29
Si CP NMR 
contact-time experiments (cf. Figure 6-3) were carried out to clarify the dominant silicon 
species that are coupled with protons represented by the broad  90 ppm resonance and to 
identify the chemical shifts of unresolved silicon species under this broad peak. Each 
spectrum was deconvoluted with a minimum necessary number of Lorentzian peaks (also 
see magnified insets). CP experiments show that the number of detectable peaks  depends 
on the contact time. There are five Si environments (at  80.4,  86.6,  92.1,  100, and 
 105.5 ppm) detected at a short contact time of 1 ms (Figure 6-3a), of which only three 











Si CP/MAS NMR spectra of freeze-dried aluminosilicate nanotubes at 
contact times of (a) 1 ms, and (b) 15 ms. 
 
 Structural interpretation of chemical shifts in the  80 to  110 ppm region is 







environments [81, 170, 177-179]. Both silicate and aluminosilicate environments [81] 
were reported for peaks included in this broad region. However, previous studies can 
provide guidelines in the interpretation of these peaks. 
29
Si chemical shifts are highly 
sensitive to the second coordination sphere. For example, a 5.5 ppm chemical shift 
difference within pairs of 
29
Si signals ( 86.6 and  92.1, or  100 and  105.5 ppm) 
indicates aluminum deshielding in the second coordination sphere of Si atoms in a Q
4 





) in a silica gel, chemical shifts of  99.8 and  90.6 ppm 
respectively are reported with a 10 ppm difference [178, 179]. The fact that the tail of the 
broad peak tail never reaches  110 ppm indicates that there is no Si(0Al) or pure 




Table 6-1 shows all the possible Si configurations consistent with the above 
discussion. It also shows likely configurations of water binding to the Q
3 
Si(6Al) OH 
units as suggested by 2D HETCOR studies described earlier in this report. As 
summarized in Table 6-1, the Si environments ( 86.6 and  92.1 ppm, or  100 and 
 105.5 ppm) correspond to a range of Q4 Si(nAl) units, where   = 1 4 is the number of 
Al atoms in the coordination sphere. However, the peaks at ca.  92.1 and  100 ppm 






silanols, respectively [170, 177]. The peak at  105.5 
ppm is assigned to resonances arising from coordinations to 3 Si atoms (3Si, 1Al) [177, 
181]. It should also be noted that the proton environments bound to the Si configurations 
are confirmed by 
1
H NMR studies, as described later in this Chapter. 
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Al correlation NMR spectra are shown in 
Figure 6-4. The nature of the evolving proton species around Al at various stages of 
nanotube synthesis are demonstrated in Figures 6-4a 6-4d. Throughout the reaction 
(both during aging and heating), Al remains hexacoordinated with the same chemical 
shift as in the final nanotubes. However, the proton environment around hexacoordinated 
Al undergoes significant changes different from that of the protons around Si. 




Al HETCOR spectra even 
though their presence is confirmed by 1D 
27
Al spectra [1]. This does not necessarily 
preclude a correlation between proton and tetrahedral Al, which comprises less than 1% 
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of total detectable Al in the nanotube. Therefore, it likely does not appear above noise 
level at a contact time of 200 s. Further studies may be necessary to reveal proton 







Al  FSLG-HETCOR spectra of (a-d) freeze-dried samples collected 
at various times during the synthesis, (e) freeze-dried AlSiOH nanotubes, and (f) 
nanotubes dehydrated in vacuo at 250 ˚C. Contact time is 200 s in all experiments. (*) 
indicates center spin-lock frequency and spinning side bands.  
 
At the very early stages of synthesis, aluminosilicate intermediates are rapidly 
formed as the aluminum sec-butoxide and tetraethoxysilane precursors are hydrolyzed. 
Butoxy (-OC4H9) groups around the Al atoms are rapidly replaced by hydroxyl groups 
(Al-OH) and strongly bound water molecules (Al-OH2) to produce octahedral sites. It is 
known that at 1 h of aging [1], hydroxylated aluminosilicate precursors of different sizes 
exist in synthesis solutions, as indicated by the orange arrow in Figure 6-4. A main cause 
of the broadening of the 
27





































































asymmetric distribution of water and hydroxyl ligands around Al atoms in a variety of 
aluminosilicate species (Al1-12SiX) [1]. Thus, the peak near 9 ppm is attributed to water 
attached to Al atoms. The peak near 6 ppm is due to water molecules adsorbed to the 
bridging hydroxyl groups [Al2(OH) ···H2O] as depicted by light blue in Figure 6-4. As 
aging proceeds, hydroxyl bridges between Al atoms are formed. This rearrangement is 
indicated by a decrease in the 
27
Al linewidth (Figures 6-4b 6-4c). Upon heating, new 
proton environments arise around 12 ppm due to the condensation of the hydroxylated 
complexes as depicted by the dark blue arrow in Figure 6-4. Rearrangement takes place 
by elimination of water molecules and formation of hydroxyl bridges indicated by the red 
arrow in Figure 6-4. When the nanotubes are dehydrated, isolated bridging hydroxyl 
protons (Al2-OH) are observed at a 
1




H MAS and 
1
H CRAMPS NMR 
 
 High-resolution 1D 
1
H MAS and 
1
H CRAMPS NMR can give direct information 
about different hydroxyl groups and their environments in the aluminosilicate nanotubes. 
However, no previous study exists on this aspect, and very little 
1
H chemical shift data 
are available for single-walled metal-oxide nanotubes [109]. The nanotubes are hydrated 
up to 20 wt% at room temperature after freeze-drying [109]. Due to the dominance of 
signal from water molecules, only a single peak is observed in 
1
H MAS NMR spectra. 
Hence, 
1
H MAS NMR has not been commonly employed as a method of characterizing 
the nanotubes. In this Chapter, the 2D HETCOR experiments described earlier, in 
conjunction with 1D 
1
H MAS and 
1
H CRAMPS NMR discussed in this section, allowed 
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us to assign accurate molecular environments to individual 
1
H chemical shifts.  These 
spectra are shown in Figure 6-5 with peak assignments summarized in Table 6-2. 
 
 Figure 6-5a displays the 
1
H MAS NMR spectrum of the freeze-dried hydrated 
aluminosilicate nanotubes, which includes spinning side bands, showing how phase 
correction of spectra is done before spectral deconvolution. Figure 6-5b shows the main 
peak in the 
1
H MAS NMR spectrum along with deconvolved peaks that were obtained by 
fitting with a combination of Lorentzian and Gaussian peaks using DMfit software [182]. 
The number of underlying peaks was selected based on the number of proton 
environments suggested by 2D HETCOR studies described earlier in this report.  Thus, 
four fitted peaks are shown in Figure 6-5b at 4 ppm (area = 31% of total), 5 ppm (19%), 6 
ppm (11%), and at 7 ppm (39%). The peaks at 5 6 ppm are due to water molecules 
hydrogen-bonded to surface hydroxyl groups at Si and Al sites in the intra-tube and inter-
tube channels (cf. Table 6-2, left column). An intense broad peak centered at 7 ppm is 
due to the inner-wall silanol (Si-OH···OH2) groups with bound water molecules in a 
variety of possible configurations (cf. Table 6-1). The 4 ppm peak is assigned to bridging 
hydroxyl (Al2-OH···OH2) groups with bound water molecules, as also suggested by the 
HETCOR measurements. For nanotubes dehydrated at 250 ˚C under vacuum for 24 h, 
two peaks (at 3 ppm and 5 ppm) were sufficient to deconvolute the 
1
H MAS spectrum. 
The main peak (area = 60% of the total) of the 
1
H MAS NMR spectrum shifts to 3 ppm 
(Figure 6-5c) and is due to the bridging hydroxyl (Al2-OH) groups on the outer wall, 





H MAS NMR spectra of freeze-dried hydrated (20 wt% water) 
aluminosilicate nanotubes: (a) with indicated spinning side bands (*) showing phase 
correction before deconvolution, and (b) the center  peak with deconvolved peaks.  
1
H 
MAS NMR spectra of nanotubes dehydrated at 250 ˚C under vacuum for 24 h: (c) the 
center peak with deconvolved peaks, and (d) CRAMPS spectrum showing deconvolved 
peaks. 
 
Without information on 
1
H chemical shifts as obtained from 2D HETCOR 
spectra, it would have been difficult to reliably deconvolute and interpret the 
1
H MAS 
NMR spectra. To assign more precise structural locations to 
1
H signals, the hydroxyl 
groups can be distinguished by their coupling to Al or Si nuclei with the use of 2D 
FSLG-HETCOR NMR. However, the use of 
1
H CRAMPS data allows us to accurately 
resolve and confirm the proton environments.
 1






H MAS NMR spectra by suppressing homonuclear dipolar interactions 
between protons. It was found that the technique was only successful with the complete 
elimination of water molecules. Six clearly distinguishable 
1
H CRAMPS resonances were 
identified after the removal of bound water by in vacuo dehydration at 250 ˚C for 24 h 
(Figure 6-5d and Table 6-2, right column). In the solid form, the nanotubes are organized 
into a network of bundles within which the individual nanotubes are arranged in a 
monoclinic or hexagonal packing [40, 109]. The resonance near 3 ppm is assigned to 
   bridging protons involved in hydrogen bonding to oxygen atoms on the outer wall of 
an adjacent nanotube (Al2-OH···O). The peak at 2 ppm arises from protons in isolated 
bridging (Al2-OH) groups on the outer nanotube circumference. The peak at 6 ppm is 
assigned to the protons associated with the isolated Si-OH groups on the inner walls. The 
ratio of the area percentages of Al bridging protons (36%) to silanol protons (10%) is 
about 3, further supporting the interpretation based on the chemical formula of the 
nanotube material [(OH)3Al2O3Si(OH)]. 
 
Table 6-2. Structural representations of 
1
H MAS and 
1















H CRAMPS NMR 








Table 6.2 (continued). 
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The above assignments cover the expected proton environments in the perfect 
nanotube structure. In addition, there is a sharp peak at 3.7 ppm which possibly belongs 
to mobile water or hydroxyl ligands in extra-framework Al or Si species such as those 
observed in zeolites [183]. A broad resonance near 4.5 ppm is assigned to hydroxyl 
protons that bridge Si and Al atoms (Al-OH-Si) in lattice defects (2% of total spectral 
area) [177, 184]. The  0.5 ppm peak is probably due to (Al-OH) protons in lattice 
defects at the outer nanotube wall or nanotube ends [176, 185]. In summary, 
1
H 
CRAMPS spectra of dehydrated nanotube revealed the existence of a variety of proton 
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environments in the nanotube structure, and also confirmed that dehydration at 250 ˚C 
removes the bound water without any significant effect on the nanotube structure [109]. It 
is suggested that the simplicity of this method may render it very useful in studying 
structural transformations (e.g., induced by heating at higher temperatures) or chemical 
surface modifications of nanotube materials. 
 
 6.3.4 Proposed Defect Structures 
 
As evinced by a combination of NMR techniques, several types of disordered 
regions exist in aluminosilicate nanotubes. By integrating NMR findings described 
previously in this Chapter, the defect structures likely to exist in the aluminosilicate 
nanotubes are depicted in Figure 6-6. As discussed before, any kind of defect would 
introduce lattice strain, which is a possible cause for the broadening of 
27
Al NMR line 
shapes. 
29
Si chemical shifts are more sensitive to changes in the surrounding atoms, and 
thereby provided more definite clues regarding the structure of the defects. The study 
presented in this Chapter confirm that the disordered regions are part of the nanotube 







spectra may even originate from the same defective region which may constitute 
approximately up to  10% of the overall nanotube structure based on their average NMR 
percentages. The most probable defect structures are those that incorporate species 
represented by the  80 to  90 ppm 29Si chemical shift region, due to their dominance in 
the 
29
Si NMR spectra over other defect peaks. Figure 6-6 illustrates the most frequent 
structural defects in nanotubes as deduced from NMR data, together with the 







Si NMR investigation. The remaining, less probable, defects are shown in 
Figure 6-8. 
 
Figure 6-6. Cross-section of single-walled aluminosilicate nanotube inner wall. Colored 
areas indicate disordered Al, Si, and H environments created by defects (numbered 1 to 5 
and discussed in the text).  The NMR confirmation details are shown in Figure 6-8.  
 
A brief discussion of each type of defect depicted in Figure 6-6 is given as 
follows: Defect 1 involves the absence of an Al atom from the nanotube wall, resulting in 
voids similar to those observed in allophanes [121, 186, 187]. Such Al vacancy defects 
might be the source of dangling Al-OH bonds in an otherwise perfectly hydroxyl-bridged 
Al lattice [176, 185]. One such Al-OH bond is colored and circled with a solid line in 
Figure 6-6.  It is the source of the 
1
H NMR signal observed at  0.5 ppm [185]. This 
defect also leads to Si-OH-Al hydroxyls (
1
H NMR signal at 4.5 ppm) bridging the inner 
and outer walls of the nanotubes, as indicated by a dashed circle in Figure 6-6. It should 














nearly all defects depicted in Figure 6-6, and the resulting 
1
H NMR signals are therefore 
not limited to Defect 1. Defect 1 results in a 
29
Si NMR signal at around  86.6 ppm. 
Defect 2 involves the presence of an additional Si atom in the inner wall, causing the 
formation of Si-O-Si bonds. This defect causes the formation of two irregular chemical 
environments around Si [(3Al, 3Si), (5Al, 1Si)] as indicated in Figure 6-6. Both can give 
rise to 
29
Si NMR signal near  86.6 ppm. In any type of defect, as in this one, an 
asymmetric environment around aluminum emerge, possibly the cause for quadrupolar 
broadening. Moreover, the broadening of peaks centered around  90 ppm in 29Si spectra 
is possibly due to such Defect 2 induced lattice strains. Defect 3 indicates the absence of 
two Al atoms in the outer wall that could cause instability or lattice strain, compensated 
by the condensation between two adjacent silanols along the nanotube circumference. 




 Si sites giving rise to 
29
Si NMR 
signals near  92.1 ppm. Defect 4 involves the absence of an Al atom and an extra Si 
atom in the framework, resulting again in the formation of Si-O-Si bonds. Defect 5 




Si-OH groups due to missing two Al atoms in the outer 
framework. Both Defect 4 and Defect 5 are evinced by the broad signal centered at  92.1 
ppm. Please see Figure 6-8 for the chemical environments around each defect and NMR 
confirmation. Figure 6-6 shows each type of defect only once, but it is seen that vacancy-
type defects result in multiple distorted chemical environments around the vacancy. This 
explains the observation of a high defect percentage in the nanotube structure (which 
involves as much as  16% of the Si atoms). Most of the defects are due to 
vacancies/”holes” in the nanotube wall. The existence of such structures has interesting 






















     
29
Si/ca. -92.1 ppm 
Extraframework Al: attached to  
framework through hydrogen bonding  
( 
1
H/ca. 37 ppm) 
 
 
Figure 6-7. Three additional defects in the nanotube structure (numbered 6 8). Defects 6 
and 7 account for about 2% of the overall 
29
Si NMR signal. Defect 8 depicts other 
possible defective regions that might be represented by the  92.1 ppm peak. Also, it 
shows an extra-framework Al that is detected by 
1
H NMR. Extra-framework Al can 
attached to outer or inner walls through hydrogen bonding with rather mobile  OH and 
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Figure 6-8. Close-ups of the chemical environments of the Defects 1 5 in Figure 6-6, 








CONCLUDING REMARKS AND FUTURE RESEARCH 
 
 
7.1 Summary and Conclusions of this Work 
 
 
 In this thesis, significant advances in discovering novel design principles to 
control the structure and dimensions of single-walled metal oxide nanotubes at multiple 
length scales have been demonstrated. This knowledge constitutes a large leap over 
current empirical approaches for manipulating the synthesis of nanoscopic objects. To 
begin with, a detailed molecular-level account of the formation mechanism of single-
walled aluminosilicate nanotubes – for the first time – is provided. It leads to a clear 
understanding of the main speciation and nanotube assembly processes. ESI MS is 
shown to be an excellent tool for analysis of the precursor species in nanotube synthesis 
solutions. The structure of nanotube-like precursors are elucidated, including the 
proposed sheet-like precursor called “proto-imogolite”. In fact, it is shown that there are 
multiple precursors of this type, not just a single “proto-imogolite” precursor. Nanotube 
assembly is shown to be preceded by the formation of precursors that already possess a 
similar chemical coordination environment of the Al and Si atoms, as well as an inherent 
tendency to form curved nanostructures. The condensation of these proto-nanotube 
precursors into larger nanoparticles upon heating (as observed by the disappearance of 
these species in ESI MS spectra) provides a clear connection to the subsequent 
formation of ordered nanotubes.  
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 Such mechanistic understanding also provides a possible basis for engineering 
curved nanoscale objects (nanoshells and nanospheres) beyond simple inorganic 
nanomaterials and can create new classes of complex nanoscale objects of controlled 
shape, composition, size and structure from the minimum amount of matter necessary. 
The discovery of generalizable ‘design rules’ for constructing nanoscopic metal oxide 
objects of precise dimensions (e.g., 0-D and 1-D objects such as nanotubes, nanowires, 
and nanoshells) is of wide scientific and technological interest, but is currently in its 
infancy. In this thesis, two important steps towards this goal are demonstrated, utilizing 
the molecular-level insights obtained from this work. Firstly, it is shown that the diameter 
of metal oxide nanotubes can be ‘shaped’ with Ångstrom-level precision by directly 
controlling the shape and structure of molecular and nanometer-scale precursors 
responsible for nanotube formation. This was achieved by the use of different 
complexing ligands that allowed the precursor curvatures to be subtly varied. Secondly, 
the relationships between subtle alterations of the reactant composition, their effect on the 
structure and shape of the molecular and nanoscale precursors, and the curvature of the 
final nanotube were measured (at the molecular level). Thus, for the first time, the 
existence of a deliberate molecular-level approach to shaping nanoscale metal oxide 
objects with a precision that is difficult to attain by conventional approaches is shown. 
These novel concepts elucidated here will be of considerable scientific interest and 
moreover catalyze new ‘molecular-level’ thought in the design and processing of 
inorganic nanomaterials for a range of possible uses. 
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 Following the study of AlSiOH nanotubes, AlGeOH nanotube formation is then 
studied in detail. Results confirmed the larger curvature of AlGeOH precursors in 
comparison to AlSiOH precursors in prenucleating nanotube solutions. Results also led to 
the finding of the importance of hydrolysis rate differences between Al and Si/Ge sources 
in controlling the nanotube lengths. The differences between AlSiOH and AlGeOH 
nanotube synthesis have been discussed in comparative detail. The higher hydrolysis rate 
of TEOG than TEOS can explain the observation of aluminates in only aluminosilicate 
synthesis solutions. Equally importantly, this knowledge is utilized to provide a route to 
shorten AlSiOH nanotube lengths. In particular, AlSiOH nanotube length is controlled by 
the use of an Al precursor with a different hydrolysis rate (modified Al-sec butoxide) or 
by controlling the hydrolysis rate of Si/Ge sources. Results also neatly explain the 
observed differences in reported nanotube lengths for AlSiOH and AlGeOH nanotubes in 
the literature.  
 
 Next, a quantitative model of metal oxide nanotube growth is developed. This 
four-step kinetic model describes the nucleation and growth stages of single-walled metal 
oxide nanotubes in the presence of three main kinds of species, namely precursors, 
amorphous nanoparticles, and growing nanotubes. The model is capable of capturing 
time-dependent length distribution trends of aluminosilicate and aluminogermanate 
nanotubes throughout the synthesis. It explains how nanotube populations evolve in 
synthesis time as a result of two different growth mechanisms: (1) precursor addition in 
which precursors are added to growing nanotube ends, and (2) self-assembly of already 
nucleated and grown nanotubes via so-called oriented attachment mechanisms. The 
model also shows the ability to predict time-dependent nanotube length distributions 
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quite accurately when experimental conditions are changed. This result is supported by 
the experimental data collected for hydrothermal synthesis at different reactant 
concentrations. Proposed nanotube growth model, after further development and tuning 
to investigate the effect of other key synthesis variables like the temperature, can be used: 
(1) to suggest new ways of controlling the synthesis of nanotubes and other nanoscopic 
objects, and (2) technologically in the scale-up of nanotube synthesis reactors.  
 
To round off this thesis work, advanced NMR characterization tools are used to 
understand and elucidate local defect structures in a complex nanoscopic material, i.e., an 
aluminosilicate single-walled nanotube. Such information is of great value in predicting 
and controlling the functional properties of the nanotube, which depend critically on the 















Si FSLG-HETCOR measurements on as-made 
and dehydrated nanotubes are performed. The 
1
H CRAMPS and 
1
H MAS experiments 
revealed the interaction between bound water molecules and surface hydroxyl groups 
(Al2 OH and Si OH sites), and specificially showed the existence of six types of 
protons in the aluminosilicate nanotubes.
 29
Si CP/MAS experiments selectively enhanced 
the Si signals with variable contact times, exposing a variety of previously obscured Si 









Si FSLG-HETCOR measurements gave direct 
information about protons coordinated either with Al or Si, and their evolution 
throughout the synthesis. 2D correlation studies also confirmed 
1




7.2 Future Work 
 
 
 7.2.1 Kinetic Model Extensions 
 
 Rationally controlling the dimensions and structures of single-walled metal oxide 
nanotubes and other nanoscopic objects is of significant interest. Therefore, extensions to 
the proposed kinetic model in this thesis are a worthy topic for future investigations. 
Future studies might include studying temperature- and pH-dependent nanotube length 
distributions and determining the behavior of the reaction rate constants with 
temperature. Such a study is also of high importance in order to understand the formation 
of different nanoscopic shapes such as aluminosilicate and aluminogermanate nanoshells 
[167]. Also, incorporating the reaction steps leading to precursor evolution in 
prenucleating solutions would result in a more generalized description of nanotube 
formation. Modeling of reactions steps such as TEOS or TEOG hydrolysis [188, 189] and 
reactions between Al and Si species, would lead to determination of    concentrations, an 
understanding of formation of aluminate side materials such as boehmite, and also even 
controlling of Al/Si or Ge ratios in final nanotube structures. With the aid of highly 
effective TEM sample preparation and characterization technique introduced in this thesis 
to measure nanotube length distributions, further refinements of the proposed kinetic 
model can easily be made and compared to experimental data. 
 
 In fact, it is believed that main differences in between AlSiOH and AlGeOH 
nanotube synthesis systems arise from the differences in hydrolysis rates of TEOS and 
TEOG. Therefore, modeling steps leading to precursor formation such as hydrolysis of 
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TEOS [188], TEOG [189], and ASB together with interactions between Al and Si/or Ge 
that form nanotube precursors and developing methods to experimentally confirm 
simulated precursor concentrations are crucial in understanding the morphological 
differences between two nanotubes, namely aluminosilicate and aluminogermanate 
nanotubes. 
 
 7.2.2 Understanding Nanoscopic Shape Control 
 
 
 A very interesting observation is the formation of allophane [187], which is a 
hollow single-walled aluminosilicate nanoshell (~4 nm diameter) with the same 
stoichiometry as imogolite, and synthesized from same reactants but at higher pH values. 
These single-walled shell-like nanomaterials may attract a great deal of attention due to 
their application in areas such as drug delivery [167]. An aluminogermanate analogue has 
also been recently synthesized [167]. Theory of single-walled nanotube formation 
introduced in this thesis, namely that “curvature of cylindrical nanoscopic objects can be 
controlled by the shape of the precursors”, could therefore be generalized in order to 
explain the formation of shell-like nanoscopic structures. Studying their formation in 
aqueous solutions via similar approaches introduced in this thesis may provide such a 
generalization. These nanoshell materials have so far been synthesized from millimolar 
concentrations. This may hinder some of the techniques (e.g., NMR) for studying their 
formation mechanism. Therefore, higher yield synthesis of these hollow spherical objects 




 7.2.3 New Nanotube Compositions  
 
 
In order to broaden the potential applications of single-walled metal oxide 
nanotubes in electronic, optical, and catalytic applications, it is desirable to develop both 
exploratory as well as rational approaches by which different metals such as Ga, Fe, Sn, 
Ti, or  Au,  Cu could be introduced into nanotube structure (either as a part of the 
nanotube wall or occluded inside the nanotube channel) to modify its properties. A few 
such examples could be found in the literature. Recently, carboxylato-modified gold 
nanoparticles are immobilized on the AlSiOH nanotube surface by electrostatic 
interactions, resulting in thermally stable free-standing films that can be used as color 
filters and can also find applications as catalytic membranes [190]. Fe-containing 
AlSiOH nanotubes have also been synthesized from solutions containing 
AlCl3/FeCl3/Na4SiO4   mixtures and found to be a unique oxidation catalyst to obtain 
phenol from benzene with H2O2 [191]. Fe substitutes octahedral Al in aluminosilicate 
minerals up to 30 mol.% and tetrahedral substitution does not occur [192]. Theoretical 
studies predict that the incorporation of Fe (0.05 ≤ x ≤ 0.1; x = Fe/(Fe + Al)) into the 
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